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ABSTRACT

. This interim report describes one portion of the Soil Dynamics
Research effort during the past year. Included in the report are:

(a). A general discussion of the stress- “rain relationship for
particulate masses

(v). Specifications for the prepaiation of fat, backswamp clay seamples
by static compaction

(¢). Data concerning creep, using a load rise-time of 30 milliseconds

(d). Description of a preliminary attempt to measure pore pressures
during compression creep

(e). Data concerning the sonic dilitational wave velocity in a core of
soft clay

(f). Description of a preliminery attempt to measure the sonic dili-
tational wvave velocity in a soft clay sample during consolidation
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This report brings together the results of research into two aif-
ferent but distinctly related subdjects.

(a). Additional study of compression creep in compacted fat clay
during one-dimensional compression tests, in continuation with work
previously started: see MIT(1959b).

(b). The development of techniques for the measurement in the labora-
tory of sonic wave velocity in soils.

The test program has been summarized in Table 1.1. Also included in this
report is a general discussion (see Chapter 2) of stress-strain relations

to serve as background information for the experimentel work.

The carlier one-dimensional compression tests upon the fat clay
involved samples prepared by Adynamic compaction on the wet side of the
optimm water content and employed a loading apparstus which gave a rise-
time of approximately 100 milliseconds. In the preoent effort, this work
has been extended by preparing samples for a vide range of aolding water
contents uting statlc compaction, and through the development of & load-
ing technique which provided a rise-time of approximately 30 milliseconds.
Orester dry densities were developed in the samples used in the current
tests, and, in accordance with principles developed during the previous
vork, these denser samples showed more important creep effects. It has
also been found that the crsep effects which Aeveloped with very chort rise-
times were much more pronounced than would have been expected on the basis
of the earlier tests with longer rise-times. Preliminary efforts vere made
towards the developmeut of techniques for messuring pore pressures during

=)




 Tedble 1.1
SCOPE OF ONE-DIMENSIONAL COMPRESSION AND
WAVE PROPAGATION STUDIES

Soil Scope

Fat clay Development of specifications for
Fat clay static campaction, using different
Fat clay mold sigzes
Fat clay
Fat clay Rapid rise-time; 5 molding water contents
Fat clay Long term tests, with pore pressure
measured
Fat clay Rapid rise~time, with pore pressure
neasured
Deep sea core Several hundred tests with acoustic
probe
Deep sea core Preliminary development of velocity
neasuring system




one-dimensional compression tests, as a means for studying the mechanism
through vhich the creep behavior is developed.

The objective of the second part of the program has been the develop-
ment of techniques for measuring the sonic wave velocity of soils in the
lsboratory. An acoustic probe technique was adapted to permit measurement
of wave velocity in undisturbed samples of a soft clay, and many such measure-
ments vere made. To study the variation in wvave velocity with changes in
water content and in other properties of soil, the development of techniques
for measurement of wave velocity in lightly consolidated soils contained
within an oedometer was undertaken.

1.2. The MIT soils dynamic research program

The work described in this report was performed under Contract No.
DA-22-079-eng-224 between the Watervays Experiment Station, a research
racility of the Corps of Engineers, United States Army, and the Massa-
chusetts Institute of Technology. The work has bteen sponsored by: (1)
the Army Research and Development Program for Nuclear Weapons' Effects
on Structures, Ti.rains, and Waterways, Subproject 8-12-95-420; and (2)
the Defense Atamic Support Agency, s joint agency of the three armed ser-
vices.

The long-range objective of the research under this contract is the
determination and explanation by laboratory tests and theoretical analyses
of the behavior of co4esive and noncobesive soils when subjected to transient
lnadings, and the effect of basic soil properties on this behavior. The
results of this research should lead to a better understanding of soil be-
havior as related to trafficability studies, blast loadings, stress and
strain distribution for aircraft wheel loads, and other problems involving
transient loads.

The contract commenced in November, 1957, was rene.=d in November, 1958,
and again renewed in November 1956. This is the fourth report issued under
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contract. The first report (MIT, 1957)" was prepared to provide basic
information for MIT personnel and subcontractors participating in the
design of testing equipment. This first preliminary report was largely
superseded by the first annual report, Report No. 2 (MIT, 1959a), which
described the design, comstruction, and performance of apparatus for
carrying out trisxial compression tests under rapid loading conditions
and for measuring the stresses and strains during such tests. As this
description suggests, the first ysar of the contract was devoted to the
development of test equipment and procedures. The third report (MIT,
1959b) which was tie second annual report, described the work performed
during the second year of the coatract. This work consisted of tri-
axial compression and one-dimensional compression tests, and included
tests upon five soils ranging from & fat clay to a clean sand.

The current report is not an annual report, but rather deals with
only & limited portion of the totsal research effort for the third year
of the contract. The total effort has also included continuation of the
triaxial compression test research and extensive efforts in the develop-
ment cof pore pressvre measuring techniqQues for use during rapid loading
tests. The othes portions of the total effort are to be covered in sepa-
rate reports.

In a research effort as large as this one, the attempt to develop
an identification code s0 that each test is designated in accordance with
its proper position in the overall program soon leads to & hopelessly com-
Plex coding system. Hence, for the purposes of this report, the several
series of tests which are involved have heen designated simply vy letters
A, B, C, etc. While this same designation systea has been used in the pre-
vious report and will be used in subsequent reports, it is felt that no
major confusion will result.

The research reported herein has been performed by the Soil lngineering
Division of the Civil Engineering Department. Professor T.W., Lambe, as head

»
See Appendix A for the listing of references
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of the Soil Engineering Division, has overall responsidility for the work.
Professor Robert V. Whitman has immediste responsibility for all phases of
the work. Shieh-Wen Mao, Research Aesistant, carried out the static com-
paction studies discussed in Chapter 3 and the one-dimensional compression
tests repcrted in Chapters 4 and 5. Lynn R. Sykes, a graduate student,
carried out .he vave propagation experiments described in Chapter 6. Pro
fessor Jemes E. Roberts supervised directly all of the experimental work
described in this report and participated directly in the efforts to de-
velop suitable techniques for measuring wave velocities in the laboratory.
Mr. Charles C. Ladd, Instructor, and the following Research Assistants all
contributed to this work: Richard M. Harinnss, Kent A. Healy, Nasim M. Nasim
and Archie M. Richardson, Jr.




Chapter 2
GENFRAL DISCUSSION OF STRESS-STRAIN RELATIONS

2.1 Objectives of this review

There are a mmber of viewpoints which might be taken on the subject
of deformations and wave propagation, and with each viewpoint, different
aspects of the subject will be emphasized. The thoughts presented in this
review were developed as the problem vas viewed: (1) from the standpoint of
how stress is transmitted through soil; and (2) from the standpoint of what

information concerning soil behavior has been irportant in recent protective

construction efforts. From these thoughts have come the ideas for the labora-

tory tests descrived in the latter chapters of this report. The aim of +his
chapter is thus to provide background fcr the present and future research ef-
forts into the nature of the stress-strain relations of soils. The reader's

attention is called to earlier efforts along these same lines in MIT (1954),

Chapters 6 and 7, aad in SAUER et al. (1958), Chapter 6.

While this report is hardly the place “or a treatise on elastic theory,

1t does seem pertinent to review certain ideas which are dasic to a dis-

cussion of soil behavior. This material has been included in tiiv next section.

2.2 Deformations and wave propagation in linear elastic media

Many different "elastic constants” appear in <the theory of elasticity.

Many of these constants are in the form of a ratio of stress to strain and each

of these is called a modulus. Another important constant is Poisson's ratio ¢,

which expresses the ratio of strains which exist and is one particular condition

of deformation. At the first acquaintance with elastic theory, this maltipli-

city of modull oftven presents a somewhat confusing picture.

The main reason why there are so many moduli is that each wodulus is
the ratio of stress to strain for some perticular set of boundary conditions.
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Buik modulus B, Young's modulus E, and shear modulus G are familiar quan-
tities with clear physicel meanings. Another cosmon form, vhick here will
be called diliteticnal modulus M, is the ratio of axial stress to axial
strain in the case wbere the sirains axre zero in directions at right angles
t0 the axis. There are other furms vhichk re encountered frequently, such
as the modulus D, found in plate theory, which applies to problems in plain
strain. The modudi whick have been enumerated here are in commson usage
because the boundary conditions to which they correspond are simple and,
therefore, are easily used. Each such moduli has usefulness and clear
physical meaning for an important class of prohlems, regardless of whether
the material is isotropic or anisotropic. Many other forms of moduli ap--
peur occasionally, each corresponding to still another pattern of boundary
conditions,

If a material is isotropic, only two elastic constants are necessary
in order to describe completely the state of strain for a general case of
very complex stress patterns. Correspondingly, each of the many elastic
constante car be expresgsed in terms of any other two of the constants. For
example, the dilitational modulus can be expressed as:

E(1-
M= -(—(Tﬁ—-”w Fess (2.1)

The guesticn often arises: which two of the elastic constants are the most
basic of the various stress-strain relations? There is no one answer to this
question, and the response depends upon the viewpoint of the investigator.
From one standpoint, E and i are the most important constants, for the ex-
pressions for all other elastic constants in terms of E and i are particularly
simple. E algo occupies a prevalent place in the literature because so many
problems which the engineer has met in the past have involved stress change

in one direction only. To the person interested in material behavior, B and
G may appear to be the most basic forms because these moduli correspond to the
two sirplest patterns of deformation. The person who wishes to visualize the
deformetion patterns within an elastic body may find it easiest to work with
M and G. Thus, for an axially symmetrical load over a portion of the surface of
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8 semi-infinite mass, one can first envision the pattern of axial strains
wvhich would develop if there are no movemenis perpendicular to the axis, and
then the additional strains which would ozcur if the mass is allowel to
distort in shear with no further volume change. It is interesting that the
condition of one-dimensional compression with zero lateral strain, a con-
dition vhich actually involves shear strain, is mors useful for the synthesis
of conplex deformation patterns than is the condition of volume change with-
out shear. Finally, the lLame constant A together with toe shoar modulus G

. appear most important to tie mathematician, because the differentiel equations
of the theory of elasticity take on their most elegsnt form when expressed
in terms of these constants.

The main thoughts of the foregoing paragraphs can be expressed by the
following statements: (1) there is no such thing as THE modulus of a material,
and one must alweys be careful to specify which modulus is being used; (2) the
modulus which is most useful for {he description of & deformation pattern will
vary with the nature of the boundary conditions whick apply to the problem; and
(?) the dilitational and shear moduli M and G are particularly useful, since
they correspond to simple st.'ain states which are useful in synthesizing more
general states of strain.

There is a similar group of thoughts which pertain to the propagation of
wvaves through an elastic body. For the case of the propagation of waves origi-
nating at a point within the body well removed from any boundary, it is fre-
quently said that two different waves exist: a dilitational wave and a shear
wvave. These two waves would travel at velocities given by the following for-
mulae, vhere P is the mass density:

o J,Fé-' ; V8T f%— (2.2)

Actually it is an oversimplification io speak of only one compression type
wave velocity for an infinite medium. The very front of A compression wave

will travel at a velocity, VD’ for as the very first disturbance reaches a
point of an infinite elastic medium and imparts particle velocity to this point,
the material at the point is ir a state of one-dimensional compression. However,
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as soon as this point moves, there will be (provided the wave front is
curved) strains in directions transverse to the direction of propagation,
and the meterial at the point is no longer in one-dimensional compression.
Thus the peak of & compression wave in &n infinite medium may travel at a
velocity less than Vp- In the case of spherical waves, for example, the
phase velocity (velocity of the wave peak) will depend upon the relative
magnitudes of the radial and circumferential sirains, and hence upon the
wave lerngth of the disturbance. Thus & compression wave is said to be "dis-
persed"”. Particular emphasis is placed upon Yp in the literature only be-
cause the dispersion effect is small for the short wave lengths which make

up most common of compression waves, i.e., seiasmic disturbances in the earth.

As soon as boun.iary conditions enter into a wave propagation
rroblem, other types of waves appear, called surface of boundery waves.
The appearance of many such waves corresponds in a rough way %o thie exist-
ence of many different moduli, each existing because of interest in »
particular set of boundary conditions. The Rayleigh wave is but one of
the most important surface waves for a semi-infinite medium.

It is of particular interest to examine the propagation of a
compression disturbance along a circular rod. It will be assumed that no
stresscs develop upon the cylindrical surface of the rod, which is thus free
to expand in the lateral direction. Suppose this rod is impacted by a large
nmass moving a constani velocity 30. During a short interval after the im-
pact, there will not have been time for the rod to expand laterslly. Hence
the rod will behave as though it were in one-dimensional compression, and
the energy imparted during this short time interval after impact will propa-
gate at & velocity Vp- Thus, as far as the point A is concerned, the arriving
wave appears as a pure dilitational wave, as is indicated in Figure 2.1. How~
ever, lateral strains appear immediately at the surface of the rod, and at this
surface a certai. amount of energy of compression is converted into energy of

shear. The shear waves thus originated, move down along the surface and also

spread out through tne interior of the rod. When shear waves originating at one

-9¢
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point of the surface arrive at another point of the surface, they refiect
and refract, and new shear and compression waves are created, Thus there
is a gradual conversion of the energy in the original dilitation wave into
energy in the form of a new wvave which 1s convistent with the surface
boundary conditions of the rod. Thus, the pattern of energy arrival at
point B indicates the arrival of a wave vhich is some'hing other than &
dilitational vave.” The pattern of deformatiam which an unconfined rod
desires to take is that for which Young's modulus applies and hence it is
not surprising that the compression wave velocity in long, thin rods hLas
been found from measurements to be:

-Jg‘ (2.3)

Tais example of wave propagation in a rod has illustrated the interrela-
tionship between the boundary conditions and the wave velocities which exiot
in any particular problem. The example also points out the cceplex conw--
ditions which exist even in the simplest of problems. To further illustrate
the casplexity of this problem, consider the streeses wrich are generated
at point A. VWhen ti : dilitational vave first arrives, the axial strecs is
glven by the following formula from wave propagation theory:

LR

90 = v—:’)— - 301 pM (2.%)

This axial stress causes a lateral stress within the meterial, and since
there is no stress on the surface of the rod, the material between point A
and the exterior of the rod is accelerated oulward. As lateral streins de~
velop, °10 mest decrease and following & period of adjustment come to equi-
librium at & nev value:

(2.5)

*
An observer at poiat B who had extremely seunsitive instruments would be able
to see a very amell amount of enerzy arriving &t the velocity Vg

.u-




In an elastic material withy= o.k, 9,0 Will be approximately 45% higher
than the final axial otress olf' As i approaches 0.5, the difference
rapidly becomes much larger. Thus the siress at the impect end of a rod
will appear to be time-dependent even though the rod is composed of ideal
elastic material.

These ideas concerning wave propagation can be suwmarized by
the following statements which follow the outline of the earlier summary
paragraph: (1) ther: i3 no such thing as THE wave veiocity for & material,
not even THE compressional wave velocity; (2) the wave velocity of inte-
rest in any problem is the one for the wave vhich transmits the major
fraction of the energy, and the rorm and velocity of this wave depends upon
the boundary conditions for the problem at hand; end (3) the dilitational
wave is & very important wave form, especially near the origin of the dis-
turbance, and the very first portion of a compression wave always travels
at the velocity Vo

2.3 Deformation and wave propagation in soils

In order to eaphasize the differences between wave propagation
in soil and wave propagation in an ideal elastic medium, it seems approprie
ate to emphasize the two major ways in which soil differs from a pearly ideal
material such as steel: (1) soil is an assemblage of discrete particles; and
(2) vhen a soil is saturated or ne&rly so, the intsractions between the pore
fluid and mineral skeleton must be considered.

2.3.1 Cunsequences of particulate natuvre of scils

The mineral skeleton of a so0il 1s a disorganized assemblage
of discrete minerel particles of varying size, shape, and smoothness. Any
one particle wi’l be in contact with one or more of its neighbors (contact
meaning approéch of portions of two crystals to within 10 Angstroms or sc),
and it is through these points of contact that the forces carried by the
mineral skeleton are transmitted. The deformation and wave propagation
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characteristics of a gsoil are in turn determined by the events at the many
points of contact witiain the mass of soil.

It would be an understatement to say that behavior at these
points of contact is poorly understood. Any onme point cf contact is
likely to be very small, perbaps involving (as a pure guess) an area of
1,000 to 10,000 square Angstroms on the surface of each of the two crystals.
Certainly the force transmission between the two crystals is through the
saxe type of electrical field which holds together the various atoms within
the crystal, but the for:e fields are much more disorganizcd ard the intra-
crystalline forces are much weaker than the intracrystalline forces. The
mechanism of contact may well involve one or more layers of water iater-
spersed petween the mineral crystals, dbut still the general mechanism of
force tranegmission is the same. In order to distort the structure of a
well-formed crystal, a consideradble energy deusity (energy per unit volume)
must be introduced into the crystal. In order to distort the weak atomic
formations which are set up at the pocints of contact, must less energy den-
sity is required. Furthermore, for a given volume of soil mass, the total
volume of material involved in the contact zones will be much less than the
total volume involved in the mineral particles themselves. . Hence two gtate-
meats follow: (1) the deformations of & s0il mass are brought about largely
by distortions of the atomic formetions at the points of contact (by which

one means significant relative motions between atoms); and {2) the resist-
ance of 8 80il mass to deformation is determined largely by the distortion
resistance at the points of contact. As the resistance to distortion in

the contact zones becomes greater and greater, the soil mass begins to be-
have more and more as & coherent material such as rock, and the demarcation
lipe tetween soil and rock is inevitably an arbitrroy one.

Consider first the compression of a particulate mass within a
one~-dimensional compression test. At some time, the particles are conaidered
to be ir equilibrium under the existing load, meaning that a constant pattern
of interparticle forces has been established. The force which exists at any
one contact poin. undoubtedly will not be merely normal to the contact sur-
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face, but rather will have tangential components as well. (The reader

is asked tc use his imagination as to the meaning of "ncrmal to the con-
toct surface” when matter is being viewed on a scale only slightliy larger
than etomic sizes). Now the axial ioad is increased at a very slow rate.
The result will be a complex pattern of change in the interparticle forces:
the normal ferces increasing at some contact points, but decreasing at
others; the resultant shear forces changing in magnitude and direction

et various contact points. The patterns of distortion at the various con-
tact poiuts will correspondingly be complex.

The very first increments of force change will, at almost all
contact points, be accompanied by elastic type distortions of the atomic
formations at the points of contact. If the external load were to be re-
moved at this stage, these local distortions would prove to be lsrgely re-
versible. As the load is increased further, however, the limit of elsstic load

transmission is reached at numerous points of contact, and large movement of

atoms (large on the atomic scale) begins. The possibilities at this stage are

numerous, but each possible type of action ~ust somehow lead tc greater load
carrying ability. If the force at a contact area is mainly normal to the
con*tact surface, the atoms of one or both crystals may dislocate enough so

that the two crystals come closer together with a greater contact area. If
there is a large shear force at the contact poinc, some atoms may dislocate
enough to allow the surfeces to slip past one another and hence allow the
particles to rearrange themselves so that additional contact points are formed -
perhaps additional contact points between the same particles, perhaps con-

tacts with other particles. Or, when there are large shear forces at con-

tact points, some atoms may be sheared off from one particie and either form

& new, tiny particle or attacn themselves t5 the other particle: now as before
the particles can slip into new arrangements and form additicnal -ontact points.
This matter of forming new contact points is & statisti:al one, Tor it is not herd
to imagire that the number of contacts vpon any one particle nay actually de-

crease at some point of the rearrangement process.
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The amount of load increase which can be accepted before ;r-
reversible deformatious occur is determined by the strength of the elsstic
forces et the contact points. Any particulate system certainly has some
range of stress change for vhich its response is essentially elastic. Past
coapression, vhich has eliminated the weaker contact poicts, or formation
of interperticle bonds through gradual growth of amorphous or weak crystzl-
line atamic formations, may raise the elastic range to measurable mag-
nitudes. Once this initial elastic range is sxceeded, the rate of de-
formetion will suddenly increage as a large number of local contact zone
deformations occur. But now a work hardening pheaomenon occurs, for each
of the happenings described in the previous paragraph will incresse the
rasistance to further compression. Eventually statle particle arrangements
are formed wherein the tendency to shear across any contact surface becaomes
small. At this stage, the energy required to distort the contact zones
approaches that of the crystals themselves. With still further load 1iu-
crease, there is the possibility that the particles themselves will crack
along planes of weakness. This particle-breaking action leads to a sudden
increase in the deformation rate as particle rearrangements occur, followed
by & decreasing deformstion rate as even more compact particle arrangements
develop.

The sequence of events described in this last puragraph is de-
picted in Figure 2.2 and has been well documented by tests upon mary 30ils.
Least is known about the initial elastic portion, which, li mary =-1ls, i=
80 short as to be undetectable for many test conditicns.

Most of what has been said in this sub-section applies to the de-
formations which occur during triaxial compression ‘ests. An initlial elastic
range is to be expected: almost non-existent for same test conditions but
significant for othera. As this elastic range .s exceedsd, particle rearrange-
ments occur, leauding to greater nurbers of more stable contacts. However, a
point reached vwhere further deformation leads merely to the rolling of scme
particles up, over, anu around otier particles rather than to more stable ar-
rangements of parc.icles. Thus a yield pcint has been reached, &s indicated

«l)a
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by curve B of rigure 2.2.

From the general picture of soil behavicr presented 1n this
sub-section, four items of behavior car be listed as requiring special
consideration in studies of wave propegation through soil. Any material
will exhibit thesz: properties to some degree, Hut these properties seem
especially important in particulate mssses.

(a). Non-linear in confined compression: That such non-linearity s
present is shown for many soils by the value of M calculated from field
seigmic vave velocities and the M messured in laboratory tests upon un-
disturbed saaples. Little is known about the renge of initial elastic
behavior for natural soils.

(v). Extremesly sensitive to stress system: For corresponding and quite
moderate stress levels, the values of M and E can differ greatly. Deta

on this sublect was presented in MIT(1954). Tris situation results simply
from the much greater resistance of an assemblage of particles to cumpression
rather than to shear. DPecause of thim behavior, it is very difficult

to evaluate the resistance of & soil to ccompression from a test which

involves a large degree of shearing action; i.e.,8 triaxial compression
test vill provide informstion on the resistance of scil to shear, but
vill not tell much about the dilitational modulus. A general theory
wnich relates the atress-strain relations of soil for verying boundary
conditions is still not availatle.

(c). _Dissipative: As relative particle motions occur, external work

done upon the s0il 18 converted irreversibly into heat energy.

{d). Time dependent: (reep under constant load 1s shown by data presented

in Chapter U of this report. In a particulate mass, all defcormation after
a very short initial renge occurs through gross relocations of atams in
the contact zone. Since all atome have thermal movements, it is to be

expected that an element of time will enter the relocations at the various




*
contact po‘nts.

Rheological models which consider these effects have Leen described by
SAUERR et al (1958).

2.3.2 Consequences of two-phsse nature of soils

The bulk modulus K of water {s much larger than the
bulk modulus of the mineral skeleton of soil, except perhaps during the
initial elastic range for the mineral skeleton. Thus, if a satarated soil
is compressed slowly, water will be squeezed out. On the other hand, 1if
s saturated scil is compressed rapidly so that loss of water is prevented
by the hydrodynamic time-lag, then the compressibility of the soil is
largely that of water. It is obvious that, putting aside the non-linearity
problems discussed in the previous sub-section, the dilitational velo-
city v cannot be estimated from the modulus M measured in a test where
water is squeezed from the sample. Since water has no resistance to
shear. the shear modulus G of soil will be that of its mineral sksleton.

Because thie M of water is generslly several orders of megnitude
higher than the G of unconsolidated soils, the difference between the dili-
tational and shear wave velocities of soft saturated soils will be very
iarge. Just such behavior has been recorded by WILSON and DIETRICH (1960).
With soft saturated soil, the apparent value of Poisson's ratio approaches
very close tc one-half. Under such a ccndition, it is not possible to de-
termine v, from a laboratory measurement of v*, since a very slight uncertain-

D *
ty in Poisson's ratio can lead to a huge discrepancy in the ratio of vD/v .

*One must be careful to distinguish time-dependent effects srising from soil
behavior from those arising from inertial effects. PARKIN (1959§ has inter-
preted results presented in MIT(1354) as indicating a large strain-rate effect
in soil behaviovr. The senior asuthor clings to his criginal view that the
large variation in impart stress with time resulted from the lateral inertia
effect described in section 2.2.
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Other problems involved in wave propagation through saturated
s0ils are mentioned in Chapter 6. With pertly saturated soils, the pore
phase i3 as ccopreasible as the mineral skeleton, and all of the discussion
in the previous sub-section &pplies. That portion of the water phase which
vecurs right at the points of contact between particles certainly does in-
fluence the stresses and deformations at these points, but this influence
has already been taken into consideration in the previous discussion.

2.4 Perspective on current protective construction problems

The tagk of designing underground shelters for the nation's
system of defense ard counterattack has helped clarify the types of neces-
sary knowledge concerning the deformetion resistance of soils. In these
cases, concern has been with damage produced by air tlast waves sweeping
over the surface cf the ground ard having wave lengths quite large campared
to the dimensions of the shelters. The evolution of criteria for design
earth pressures and ground motions has been described by PECK and WHITMAN
(1959). There were four key assumptions involved in the derivation of
these design criteria:

(a). The energy adsorbing characteristics of soil prevents develop-
ment of true sharp-fronted shcck wave in soil, for pressure rises up to
several hundred pounds per square inch; i.e. the rise time of the air.
blast induced pressure wave lengthens considerably as the wave travels
through the top feet of the earth's surface. The fact that there is
not a very sharp rise time of less than 5 or 10 milliseconds influences
the design criteria as applied to underg—ound structures.

{(v). Lov frequency ground motions in the vertical direction, which

influence greatly the design of shock isolation systems for heavy equip-
ment within the shelters, could be estimated by assuming that the design
air dlast overpressure is applied to the end of an infinitely long column
of soil and rock having the seme verticel prnfile as does the actual earth,
and that the so.l in this columm is confined against strains in the
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horizontal directions. The rattern of wave propagation and vertical
motion within this soil columm 1& controlled by the modulus M and its
veriation with depth. M wvas estimated from in situ measurements of
dilitational seismic velocity, with a judgement applied to take care
of the possibility that the M for high pressure levels is not the
same as the M which exists for the pressure levels within seimmic
vaves.

(¢). High frequency vertical ground motions, vhich influence the
design of shock isolation systems for the lighter contents .f the
shelters, were estimated from a blend of field experience, analysis

of one-dimensional wave patterns as in item (b), and judgement as to
changes in the rise-time of pressure waves as they travel through earth
and are reflected from various layers within the earth.

(d). Horizontal ground motionc were teken to be some fraction of the
vertical motioneg, based upon the judgement that the effects of surface
waves vere pegligible compared to the effects of the dilitational wave
propagated aovnward from the ajir blast vave traversing the ground sur-

face.

Viewing these fouwr assumptions, several areas can be delineated in which
much further knovledge of soil behavior is essential: (1) the influence
of the energy adsorbing characteristics of soil upon the high frequency con-
tent of & pressure vave; (2) the magnitude of the modulus M of in situ soile

as a function of pressure magnitude and durstion; and (3) th: influence of

8cil properties upon the existence and likely magnitude of surface waves.

2.5 Role of laboratory tests

Laberatory tests will certainly not by themselves clear up all
of the uncertainties in our knowledge of ground motions as they affect pro-
tecctive construction. Field tests, in so far As they are possible, are the
ultimate proving ground for theories aimed at clarifying thes. nncertainties.
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Thers would seem to be three general roles vhich might dbe as-
signed to laboratory tests upon soil systems frcm the standpoint of in-
proving our knowledge of ground motions. Other aspects of the protective
construction problem, such as soil-structure interaction, are not con-
sidered in this review.

(a). Determination of patterns of wave propegation: The motion and
deformations which will be experienced by the soil at any point in

the vicinity of a large explosion are determined far more by the geo-
logical structuring of the soil mass than by the properties of the soil
at that particular point. Hence it is hopeless to expect that wave
propagation patterns can be reproduced in their entirety in the lab-

oratory sc as to provide ground motion data of direct use in design.

The role of laborastory wave propagation tests must te to clavrify certsin
aspects of the wave propagation problem so that dats from existing

and future field tests can be understood and applied in an intelligent
manner. Laboratory tests which are to provide clarity must create

very simple patterns of wave propagation which can be measured ade-
quately in such a way that the effects of the several parameters pre-
sent can be isolated. The soil column tests under development at the
Stanford Research Institute, which will make it possible to study the
specific question: of energy dissipation and attenuation of high fre-
quency components of waves, are a good example of the type of labcoratory
tests which are worthwhile.

(b). Evaluation of properties of natural soils: There are several
misgivings as to the extent to which laboratory tests can be used to
evaluate in a precise, quantitative way the in si:u deformation resist-

ance of actual solls, because of the problems of sample disturbance.

The slight locsening of the soil at the two ends of a sample, &8s these
ends are trimmed so that the sauple may be placed in a testing device,

may give the «oil an apparent compressibility many times its natural

in situ compressibility. Hence relatively inexpensive field tests which
might be used t¢ measure the in situ dilitational modulus of many 4 ffersnt
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natural soils at pressure levels of several hundred pounds per square
inch would be of great value. Techniques under development at the
Poulter laboratories of the Stanford Research Institute appear to have
great value in this regard. Efforts to develop laboratory test pro-
cedures, such as those underway at the engineering firm of Shaunon and
Wilscn, should be enccouraged, even though there is an element of doubt
a8 to their eventual success. Laboratory tests, of course, aiways

have value as an aid to the judgement of the designing engineer even
though they fail to provide precise, quantitative results.

(c). Basic research into deformation resistance: The most importent
role of laboratory testing appears tc lie in this area of basic re-
3earch into the effects of time, stress level, and other factors upon
the deformation resistance of goil systems. Much of this reseerch must,
of necessity, be carried out using reconstituted soils, and the direct
epplication of the data to natural soils will always be in doubt. How-
ever, tests upon reconstituted soils will be of great aventual assist-
ance to design efforts if these tests: (1) establish clearly the manner
ip which deformation resistance of several typical suil types varies as
the important parameters are changed; and (2) indicate precisely the

relationships between these behevior patterns and the basic physical
properties of the soils.

The work at MIT which is described in subsequent chapters of
this report falls intec this final cetegory of basic research.
wvork ic aimed at such questions as:

The current
(1) the effect of load duration upon
the dilitational modulus; (2) the effect of rore phase behavior upon the
relation between dilitational modulus and duration of ~tress sapplication;

) (3) the relation between sunic dilitational velocity and dilitational modulus

measured at relatively high stress levels; and (4) the mechanisms of vave
propagation throvgh soil-water systeums.

Although these current efforts at MIT are aimed largely at the
study of dilitational deformation and waves, there is need for similar re-




search into sherr deformation resistance, especially in so far es il Iinflu-
ences possible surface waves in soil magses. The problem in its entirety
is lsrge enough to merit the efforts of many research groups. Studies

now undervay et the Broadvievw Resesrch Carporation will supplement, from

a different viewpoint, those at MIT and will certainly form a velusble con-
tribution.
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Chapter 3
PREPARATION GF ONE-DIMRNSIONAL COMPRESSION
TRST SPECIMINS BY STATIC COMPACTIOR

3.1 Objectives of static compaciion study

There are essentially three different procedures used to com~
pact clay containing soils in the laboratory: dyramic compaction, knead-
ing compaction, and static compaction. These procedures are illustrated
schematically in Figure 3.1. 'here are, of course, many ver=ions of each
scheme. For mach version, there generally exists a set of specificetions
developed on the basis that laboratory campaction should produce a zample
vaith the ssme maximm dry density as can be obtained in the field with
normal compaction procedures. There have been many discussions of the
relative merits of these procedures involving consideration of the sim-
dllcity of the methods, the degree of simulation of field compaction, 2nd
the relatiom to previous compection studier. For a recent discussion of
one aspect of this problem, see SEED, MITCHELL, eud CHAN (1960).

In the dynamic compaction procedures, such as the Procter and
AASHO method, a given amout of energy is applied to the soil by dropping
a8 given weight from a given height for a given numwber of blows. The speci-
fications vary with each version of the dynamic compaction procedure. There
are also specifications upon the moid size and the number of layers in
waich the soil is to be placed. Dynamic compaction was the first of the
standard laboratory procedures, and hence has a long heritage of use.

In kneading compaction, a plunger is pushed in*o the soil with
& 3pecified maximum preasure. 2An erample is the Harvard Mirniature com-
paction method. Large, hydraulic kxneading compactors are also available
for laboratory use. Again the pressure, mold size, number of blows «nd
number >f soil layers depend upon t..e version of the method which is selech-
ed. Xneading compaction 1s a post-war development, but is gaining favor ve-
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ctuse it is & simpler procedure. There is also some evidence to tha effect
that kneading compaction best simlates coapection produced in the fieid.

In static compaction, the soil is squeezed to its final volume
by one stroke of & piston which covers the entire end surface area of the
sample. In some procedures, the sample may be compressed simultaneously
from both ands. Usually, compaction control is accomplished through a
spesification upon the maximun pressure. When there 1s a desire to produce
seversl samples with exactly the same density, the motior of the piston can
be speciried. Static compaction procedures ere extremely simple but do the
the poorest joo of simulating field compaction conditions. Static compaction
has its greatest uce in research wherein reproduction of field compaction
work is not essential.

At the present stage of research into one-dimensional compression
under dynemic loads, close simulation of field campaction conditions ~ either
ags to dry density or as to the structure of the soil -~ is not an important
criteria, Simplicity, uwniformity of soil samples, and reproducidility of
s0il properties are ratuer the essential problems. For these reasomns, it

vag decided that the feasibility of using static compaction should be ex-
plored. The desire to use specimens with very large diameters and the need
for great uniformity - particularly over the thickness of the sample - pre-
senied problems which required research effort. Of special interest was the
question: how thick a layer of soil can be used before the porition of the
layer away {raom the piston is compacted to a significantly smeller degree than
the portion of the layer adjacent to the piston? The Stanford Research In-
stitute has expressed interest in using static compaction to prepere the soil
for soil column wave propagation experiments which they are developing under
contract to the Alr Force Specisl Weapons Center, and the results of the pre-
sent study should be of considerable interest to that and other similar ef-
forts.
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.2 7Test proceauwre and results

3.2.1 Scil, apparatus and procedure

Backswamp cluy from the vicinity of Vicksburg, Mississippi
was used in thic study. The clay and its properties were treated extensive-
1y in & previous report: MIT (1959b). The material from the current werk
came from Barrel %, and the following classificatior data were obtained on
the fraction passing a No. 20 sieve,

Specific gravity = 2.69 Plagtic limit = 25 percent
Liquid iimit = 65 percent Shrinkage limit = 13.5 percent

Several preliminary tests revealed that this meterial had somewhat dif-
ferent compacticn cheracteristics then those presented in the previous re-
ports. Hence complete dry Jensity vs. molding water content curve: were ob-

tained by the standard Proctor and :arvard Ministure methods. The results

are presented in Figure 3.2(a) along with those from the previcus report.

For the Hervard Miniatuse work, the soil was compacted in * layers with 25

tanps per iaycr wsing a k0 pound tamping force.

The exact reasons for tie difference in compaction characteris-
tics cre not known, althoush the dlffercences are typicel of those which ce-
cur when different operations and different tatches of material are involved.
It should be noted that the cley shipped in Iarrel 7 had been dried and ground
prior tc shipment, whereas the earlier material had apparently receilved little

processing.

The experimental work involved four different series of tests, as
indicated by the following table:




¥old Rize
Series Mold No. Diemeter Height
A A 1.312" 2.816"
B B 2.500" 2.616"
c c €.000" 6.000"
v c 6.00C" €.000"

Al of the molds were constructed with steel. Mold C had a coating of
Teflom on its interic: surfaces. The samples in test series A and B
were campacted using & small hand-operated loading frame with a capacity
of 4000 1bs. The piston force was measurec vwith a oroving ring. The
saxples in test series C and D were compacted using a 100,000 1lb. mater-
ial testing machine, available in another laboratory in the Imstitute.
This machine had a built-in load measuring cell. By appropriata ob-

servations, it was possible tc evaiuate the applied pressures as a funce
tion of dry density continuously throughout each test. The rate of coa-
pression was about 0.1 - 0.2 incnes per minute, although & controlled

stress rate of 20 J.b/:l.n“2 per minute was used in some tests and was deem-

ed a more desirabie r.ocedure.

In all tests, the soii was first prepared at the desired water
content and then sllowed to equilibrate for from 18 hours to 3 days in a
humid room. A kpown weight of wet soil was placed in the mold, and then
was campacted either to & predetermined volum: (volume control test) or to
a desired pressure (pressure coniroil test). After compantion the sample
was extruded from the mold and was weighed and dried in order to determine
the moisture content. In many of the tests, the sample after extrusion from
the mcld was div.ied into seversi parts, and the volume of each part de-
termined by a mercury displucement technique., Thus, once the water content
of each pert was determined uporn drying, the Jry densities of the several
parts could be caloulated.

3.2.2 Special] tests with marker layers

The ncn-unitorm strsing prcduceld when & thick sample is com~




Mressed by static compaction were cleariy shown in & few special tests

in which o marker layer was incertcd within the sample. For these tests,
cne half of the soil sample was first pieced in the mold without any com-
paction. Dry powdered koclinite was sprinkled upor. the surface of this
portion of +he sample. The remainder of the soil was then placed in the
mold and the whcle of the sample was compacted. When these samples were
cxtruded from the mo.3, they troke in two at the location of the kaolinite.

The nature of this raclinite surface is shown in Figure %.3.
w2

3.8.% Summarvy ¢f test program

The tests performed as part of this static compaction
study nave teern swmarized ‘n Table 2*.1. This teble lists the compactica
pressure used in each test, toecether with the averape dry density and av-
erage water ~cnltent of the resulting sois spe~imens. Th "inal heights of
the specimens &fter ~7mpaction werns usned to calculate the height of th~ dia-
meler ravics *atulated 1n *he se~nnd ~~lumn cf the table. Variation of the
height t diamcter ratic Tcer & glven mold size simply means that the full
height 4f the mold was a2t utilized  The symbols in the final column of
this tabie indi-ate thcze spe-imers whish were cut “‘nto smaller pieces to
study the distritution of dry dencity, and other special test conditioas.
In the r-ase of seriers A and I, the Torce rejuired to extrude the cample

from the mc 5 meuzured.  With series A, the extrusicn force ranged from

£bout TC for the wetsar o ~ooup ty 20 1bs for the dryer samples.

With ser. B, tre extruciin o toree ranvedl from about 200 1bs for the wetter

semples to approxinately 70 ThL Cor e doyer specinmens.

Turves f ry oaennity oo o Tun oty oo of compaction pressure, obe
tained from constent (boervat oo during cach compaction test, have been
plotted ia Fipure %4 Foosurs 205 throurh 7.9 present date on the vari-
ation of dry den [ty anl slessee o saturation threushout the severatl somples
wvhich were ~ut int> spaller pieces Pots ropaeraing Lhe range of variation of
dry densatly have been SwapnarcesioGn Tavle "¢ 'labie %3 presents data regarding

the effe~t of repeated applicazion oF the conpaction pressure upon the dry density.
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Table 3,1

STATIC COMPACTION TEST PROCRAM

Compaction Average Average
pressure dry densjty water content
1t/in2 1b/rt3 percent

237 101.8 21.8
169 100.5 22.1
96.4 L ¢

100.0 24.0

98.0 25.0

101. 21.5

101, 21.3

100. 25.2

101. 23.2

110. 19.1

101. 23.1

10C. 22.0

22.2
19.8
25.1
20.5
19.0
25.8
25.0
25.8
24.8
24,2
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25.8
25.%
21.6
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Table 3.1
STATIC COMPACTION TEST PROGRAM

Compaction from top eund only

Compaction from both ends

Samples cut into parts for density and water content determinations
Density based upon water content established during preparation

Soil squeezed ocut around piston during last stages of compaction

Compaction pregsure repeated several times




Keolinite tayer of approximately mid- height

Mold Water Content Dry Density d
Laver \

Y
\\ per cent ib/t3 in
A 232 98.2 0.02
A FAR 8635 0.04
8 230 974 0.02

Cross section through
sample ofter extrusion

FIGURE 33 EFFECT OF SIDE FRICTION




COMPACTION PRESSURE- b/ in?

COMPACTION PRESSURE-Ib/in2

(a)

50047 moLD A
w= 25°/o
400 - N
300 /
w=191% |
2001 /
100
w=232%
Y LA B B B e R
50 70 90 o
ORY DENSITY - Ib/ft3
5004'¢!
w =251%
400+
300+
200+
100 y Mold B
e e — T
50 70 90 no

DRY DENSITY- Ib/ft3

(b)
5007 moLD B

- |
w= 25|°/0 ’

300 -

200

100

T ! _LE.JS—'*—’—I

70 90 o
DRY DENSITY - |p#t3
(d)

w=253 °/o

500-

4001

300+

200+

100+

1 T T
90 1o
DRY DENSITY- ib/f3

FIGURE 34 DRY DENSITY Y.S. COMPACTION PRESSURE
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O irdicates top of compacted sarnple

H- depth in inches
H-depth in inches
|
S S

286 |
% 100 105 95 10 105

DRY CENSITY- Ib/#43 DRY DENSITY - (b/ft3
TEST A-4 TEST A-5

O
| !

H- depth in inches

% 100 70 80 90 100
DRY DENSITY-In/f3 SATURATION - per cent

TEST A-6

H - depth in inches
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Table 3.2
RANGE OF DRY DENSITY VARIATICH

Compaction Ave. water Rexge of
pressure content dry density

~?11)[ 1n? percent 1b thB

226 21.5 1.
5.

1




Table 3.3
EFFECTS OF REPEATED COMPACTION T0 SANE PRRSSURR

Water Compaction Dry density 11>/t‘1:3
coctent Pressure
Test: Xo. percent 1b/in2 once relosding four times
B-8 25.8 200 99.0 99.0
B-9 25.0 200 99.5 99,7
B=-10 25.8 117 97.5 97.8




3.3 Discussion of test results

3,3.1 Compaction pressure

One of the objectives of this study was to determine a
suitalble compaction pressure for use in future work. The requirements
for 8 suitable compaction pressure are: (1) that it provide a reasonably
dense sapple, although the density need not match that achieved by any
other compection process; (2) that it provide, for a given molding water
content, substantially the same d2nsity regardlecs of small variations
of the height tc diameter ratic sample, or in dimensions of the compaction
201d; and (3) that 1% be reasonable from the standpoint of available load-
ing equipment.

The pressure ‘equired tc meet these specifications can be

Juiged from the curves plotted in Figure 3.4. Parts (a) and (b) of this
figure shov pressure versus dry density curves as a function of water con-
tent for woids A and B. VWhen a curve of pressure versus dry density ap-
proaches a vertical line, i: means tkat the sample has become substentially
saturated, i.e. that application of the compaction pressure has caused all
of the pcre air to go into solution.‘ The compaction pressure required to
achieve complete saturation is a function of the molding water content of
the sample, being smaller for the samples with the higher water content.

It mey be seen that a ccmpaction pressure ci 200 1b/1n2 achieves very close

to a state of complete saturation, except fcr the driest samples. In Figure
3.4{c), pressure vercus dry density curves for samples compacted at the same
water content but in different mclds have Leen plotted. It may be seen that
the mcld size influenced the early pcrtion of the curve, but for pressure in
excess of 200 lb/in2 the same density was achieved in both molds. Figure
3.4{d) shcws the effact of the heighv. to diameter ratio upon the pressure ver-

sus dry density curves. The early portions of these curves are different

*
When the ccompection pressure is remcved, some of the air will come out of
solution and thus the degree of saturstion as meazured after the sample
is extrvied frcm the moli will be somevhat less than 100%.

Whlie




for the different height to diameter retio, but once again the curves
substantially coincide for pressures greater than 200 lb/inz.

Prom these results, it is concluded that the requirements
upon compaction pressure can be met through use of a pressure of 200 to
250 lbs/ine. Curves of dry density as a function of molding wvater com-
tent -btained for compaction pressures in this range have been plotted
in Pigure 3.2(b,. When the smaller height to diameter rstios are used,
the static compaction at this pressure leads to a sample more dense
than that obtained with the Harvard Ministure compection procedure. The
difference is smull for water contents well wet of optimm water conteat,
but is guite large for the drier samplea. As mentioned ealier, there is
at this stage pno requirement that the densities obtained by static com-
paction coincide with those obtained by other procedures. Static cou~
paction to 200 or 250 lbs/in2 will provide samples well suited for re-
tearch into time effecis during one-dimensional pressure. Not cnly is
there no benefit in using higher pressuree, dbut there is a possible dis-
advantage in thet soil ma; be squeezed out between the edge of the "nad-
ing piston and the mold. Such a squeezing acticn was observed vhen the

compection pressure ex-eeded 300 1b/in2, especially with the higher water
contents and faster rates of campression.

3.3,2 Uniforwity of density

The tests in which the thin layer of keolinite was used
to study the pattern of strains throughout the sample illustrated that
great care must be given to the height to diameter ratio in any method
wherein uniformity of density s being souglic. The patterns of strains
being observed in these tests provide a good visualization of the stress
distribution, of the soil particle movement pattern, and of the role of
wall friction during compactinn process.

Examination of the data in Figures 3.5, 3.7, 3.8, 3.9, and in
Table %.2 points out the influence of the height to diameter ratio and of

45,




the molding water content upon the variation in dry deusity and degree

of saturation throughout the samples. Samples with a height to diameter
ratio greater than 1 invariably shoved iarge variations in dry density.
Ratios on the order of 0.5 were small encugh to reduce the density vari-
ations to very low values. The effect of height to diameter ratic also is
shown in Figure 2.2(b), wherein it may be seen that, for the drier
high densities can be achieved cnly through use of reletively thin

samples,

samples.
Increasiig the water content with a given height to diame*er ratio will

lead to more uniform density conditions. The wetter soils can more readily

undergo plastic flow and thus achieve the pecessary redistributican of stress
in order tc prcvide uniform density conditions. The mold which had a Teflon
liner chowed smaller variations in the dry density than the unlined mold of
the same size. However, the lined mold did not give higher sverage dry
densities than thcse ottained using the uncoated steel meld under similar
conditions of water content, pressure, and height to diameter ratio. This
circumstance is undoubtedly the result of the fact that the maximur dry

density is limited tc that value corresponding to a degree of saturation
of 100%.

In 812 ~ases where the specimen was sub-divided longitudinally as

well as transversely, the saturation was found to be higher at the edge than
at the center of the ccmpacted sample. There was, however, no consistent

relationship between the densities at the center and eldpes of the samples.

The results given in Table 3.3 show that the density of a com-
pacted clay willi not increase appreciably if the clay is reicaded to its

original compaction prassure. Thus a sample ~an be built up in layers, and

the density of the lower layers will nct change as each overlying layer is
compacted.

Tne studies indicate that sutficient uniformity and density can
be achievel through use of Teficn lined mcids ard height to diametor
ratios esmalier than 0.6,



3.4 Recammended static compaction procedure

tas:d upon the foregoing studies and upon generel experience
with the problem of laboratory campaction, the following procedures are
recomended. Strictly spealing, these specifications apply only to work
with the backswvamp clay, and some further study will be needed when speci-
mens of other soils are o be prepared.

a). Ceneral requirements

(1). The loading frame which will apply the static compaction
pressure should have a capacity of 250 lb/ine, i.e.,
20,000 pounds for a sample 10 inches in diameter. It
3 should be possible to move the piston at a rate of 0.1
: to 0.2 inches per minute, or preferably to control the
rate of pressure increase to 20 lb/in2 per minute.

(2). The interior wall of the compaction mold and the con-
. tact surface of the plunger head should be coated with
’ a substance such as Teflon,

[

(o). Compaction p: scedure

(1). Mix a quantity of soil at the desired moisture content
(usually within e percent of the optimum moisture con-
tent). Seal this soil-water mixture and allow it to equi-
. : iibrate for at least i hours.

: (2). Calculate the wet soil welighi required for each layer.

The calculation is based on the desired layer thickness
and expected dry density of the soil. The waximum thick-
ness of each layer after compaction should be no more than

. 6 inches in a 10 inch diameter mold.

(3). The wet soil is placed evenly in the mold and comp.cted
statically to the volume desired, or alternatively, to e

Li7-




pressure of from 200 tu 250 1b/in2:

(4). Scarify each compacted layer surface gently before pluc-
ing subsequent layers.

(5). If the subsequent layer is not to be placed immediately,
the compacted soil surface should be sealed using alum!-
nun foil. In case of & long interruption, spray a very
small amount of water on the scarified surface prior to
Dlacing the subsequent layer.

(6). A check should be made 28 tc whether soil 1is being squeezed
out between plunger head and mold during compaction. If sc,

the compression rate should be decreased accordingly.




Chapter 4
RAPID ONE-DIMFNSIONAL COMPRESSION TESTS

L.1 Objective and scope of test program

MIT (1959b) reported upon & series of one-dimensional com-
pression tests upon e fat backswamp clay, with a rise-time for the load
spproximately 100 milliseconds. The specimens used for these previous
tests were prepared by a dynamic procedure which gave relatively low
densities, and substantially all of the samples were compacted at water
contents vell wet of the optimum.

The same soil* was used for the series of tests reported in
this chapter, but now static compaction was used at water contents both
dry and wet of the optimum. Sigrificantly greater dry Jensities were
obtained in these new tests, and these great densities in turn meant
8 less coampressible soil thar in the previocus tests. A simple modi-
fication was made to the loading apparatus and the rise-time of the

load was reduced to about 30 milliseconds.

The test series involved six different samples, four of which
were subjected to multiple loadings. The series is summarized in Table
4.1,

4.2 Apparatus snd instrumentation

Certain changes were made in the apparatus used for the earlier
program., The improved s=t-up 1s shown in Fizure 4.1. The major tmprove-
ments are described in the following sub-sections.

- )
The clay from the present tests came from Barrel ’.
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4.2.1 Tuproved rise-time

As 1s jindicated in Figure 4.1, the chsmber immediately
above tne soll sample was filled with water up to the level of the actu-
ating needle valve. Because relatively incompressible water has re-
rlaced comrressible gas in thus chamber, less tlow of gas through the
velve is required to bving the pressure up 4o 2ny specified level.. Figure
4.7, sppearing later in ih!s chapter, contains a typical preasure vs. time
record. It is seen that the pressure rises to approximately 85 percert
on its final level in sbovt 30 inilliseconds, tut requires esnother 75 miili-
seccnds to reach the final pressure level.

4.2, Deflection gage

< Improvement of the strain measuring system was required

‘ for several reasons. Now that water is used in the chamber immediately

above the soil sample, leakage would become a serious problem if the sens~

ing rod of the strain measuring system pessed out through the chamber ceil-

ing as before. The linear potentiometer used for the previocus work had a sensi-
) tivity as was cGesired fi. such work. Moreover, the linear potentiometer had

‘6' a "step-strain" response which made it somewhat difficult to interpret the
T strain vs. time records.

To overcome the first of these problems, it was decided thav
the sensing rod of the strain measuring system should pass through the sample
and out through the base of the test cell. The systcm thus consists of a disc
on top ¢f the test speclmen, with & rod attached to the disc and passing through
. the s0il sauple &nd celi vase. It is felt that the rod located in this position
has very little influence upon the response of the soll sample. For Long dura-
) tion tests, it is possible that pore fiuid might leak througk the bushing in the
. F ﬁﬂ . base of the cell, thus leading to partial drainage of the soil sample. For
r short duration t:sts, this is no prcblem.

Figure 4.2 shows the details of a new car. llever *ype strain gage

“53a
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vhich was designed for the present work. The vody of the gage is alum:-
nun plate with a thickuess of 0.0625 inches. A piece of metal bearing a
center punch hole is rigidly attached to the outer enc of the canti-

lever beam, and serves to assure that the sev.ing rocd contacts the beam

at the same location in each test. Four SR-4 type C-7 wire resistance
gages were Tastened tightly on both surfaces of the cantilever near the
fixed end, &nd given a protective coating of wax. A standard Wheatstone
bridge wirir.z arrangement was used, &s it is indicated in Figure 4.3,

The system was driven by & 22.5 volt dry cell and the calibration was
obtained using a very sensitive X-Y recorder. It was found that the re-
sponse of the deflection gage was stable and exhibited a straight line
relationship between deflection and voltage output within certein ranges.

A series of calibration curves are shown on Figure L.k, Based upon these
curves, an average calibration of 0.00075 in/millivolt has been used for
total deflections up to 0.01 inches. Deflections as small as 0.000) inches
can be satisfactorily detected with this gage. Exemination of the samples
after the leading apparatus was disassembled showed that the disk 4id not
punch into the surface of the :ample, and hence all of the measured strains

represented compression of the samples.

4.2.3 External triggering

In the present test program, the sweep of the oscilloscope
was triggered externally as the needle velve opened to admit pressure to
the test cell. This arrengement functioned very well and overceame the
difficuities described in connectiocn with the previous work. The same
mechanism triggered two oscilloscopes: one used to record strein as a func-
tion of time, and the second used to record piessure as & Junction of time.
The pressure applied to the sample was measured by & Dynisco pressure trans-
1ucer, as describved in connection with the previous work. A 6 volt dry cell
was used to actuate the pressure gage, and the calibration curve is shown
in Figure 4.5,
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4.3 Test procedures

A quantity of the clay was trought to the desired water con-

tent and allowed to come to equilibrium in the humid room for at least
18 hours.

Then the clay was compacted directly into the tast chember by
tae static compaction method described in Chapter 3.

A compaction mea-
sure of 200 lb/in2 was used for all eamples, and Pigure 4.6 shows the

relationship of molding water content to the dry density.

A few results
obtained in Series G (see Chapter 5) using the same procedures have been

included in thie figure. PEach sample was compacted in a single layer,
using a compression rate of approximately 25 lba/in2 per minute.

The deflection rod was in place in the sarmple as compaction
took place, with a small recess in the face of the compaction piaton so
that the rod could protrude above the top of the compacted specimen.

After
caompaction, the top surface of each sample was trimmed flush with the top
¢l the test chamber.

The brass plate was screwed in place and the sample
immediately sealed by the rubber membrane.

[ad
An inivisl pre-sure of frem 10 to 15 1bs/in” was applied immedi-

ately after the test cell was properly mounted in the dynamic loading appa-
ratus.

This initial pressure wa:c applied for approximately 30 minutes to
ingure that the strain measuring system was properl)y seated. Pressure ine

crements of from 35 to 60 lbs/inr" were then applied by rapidly opening
‘the needle valve between the air tank and the weter pressure chamber.

In
all testa, the oscilloscopes were set to vecord stress vs. time and strain

vs. time. Typical results are shown in Figure 4.7. 1In four of the tests

the pressure was reduced to the initial value and a subsequent dynamic
loading applied.

b4 Discussion of testing results

The results of all tusts have been tabtulated in Table k.1,
izal curves of strain ve. the logarithm of time have been plotted in

o7
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Figure 4.8. 1In Pigure 4.9, the final straiu, imnedia:e strain, and
creep ratio have been plotted as a function of the molding water cone
tent. Included in Figure 4.8 ere results ’rom series ¢ (see Chapter
5) and a typicsl curve fram the yrevious report. Series G results
have also been included in Figure 4.9.

A major principle wvas stated as the result of the previous
work: the relative amount of creep strain increases as the total strain
decreases; that is, the creep ratio increases as the total amount of
strain decreases. In Figure 4,10, curves of creep retio vs. nolding vater
content obtained in the present work and the previous work are plotied
for comparisdn.. In confirmation of tie principle, the present tests,
vhich have greater depsities and hence are much less compressible, ex~
hidbit & significantly higher creep ratio.

A closer look at the dats from the prescnt tests suggests
that the principle restated above mey apply strictly only for compection
on the wet side of the optimum water content. As may be seen in Figure
k.9, the total deformation sustained by & sam.le is related in a general
way to the initiel dry density. The minimum total deformation was ob~
tained for a water content siightly on the wet side of the optimum water
content. Por points further on the wet side of the optimm water content,
the soil proved to be quite cumpressible. As one moved from the optimm
vater content to water contents on the dry side of the optimm, the com-
pressidility of the sample increasad, but the increase wes less than on
the wet <ide. Thus, two samples having the same dry dengity exhibit dif=
ferent compressibi’ities depending upon vwhether the sample is compacted wet
or dry of the optimum water content. The sampies compacted on the dary
side are less compressible evep though they are less saturated. This re-
sult is in line with the theory postulated by LAMEE (1958) concerning the
effect of molding water caontent upon the structure of compacted clays.

The curve of immediete deformation ae s function of molding
water content shows little if any tendency for the imnediate compresai-
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btlity to increase as one moves away from the optimum we :r content on the
dry side. Thus the curve of creep ratio vs. molding water content sppears
4o comtinue its upwarc trend om the dry side of the uyiimm water content,
despite the fact that the total strain of the sample is incressing. The
data in the dry region are incomplete, aud hence it would be premature

to conclude that the principle stated above is not generally valid. The
results do suggest however, that the effect of structure of the clay mus.
be carefully taken into sccount.

It appears that, in general, the immediate deformation of the
samples was much the same for the first loading end for mepested loadings.:.
- However, the total deformation of the sample was less upon repeated loasd-
ing, especially for samples cuam; cted at the drier water contents. Thus,
e the creep ratio for reloading appears to be more directly related to the
total strain undergone by the sample.

One result of ilhe previous one-dimensional compression studies
was that the curve of strain vs. the logarithm of the duration of the load
, was essentially a straight line from a time of approximately 150 milli-
" seconds to a time of 1 n.nute. The current tests zlso produced a straight
. lipne relationship within the time range just stated, and the slopes ob-
- pained from the present d..a are very similar to the slopes fram the pre-
vious work. However, ac is seen in Figure 4.8, the curves bent upwards
in & significant fashicn for lower duration of loed, i.e., & disproportion-
ately large amount of creep strain occurred during the time interval from
30 milliseconds to 100 milliseconds. The fact that the load 1s actually
increasing slightly during this time interval is partially responsible
for the large apparent :reep strain. However, even if & correctior 15
made for the slight increase in load during this Interval, it is still
apparent that the strain vs. logaritln of time relationship is no longer
a straight line when carried back as far as 30 milliseconds. Thus, the
present tests hare revealed a new ard significant pattern of relaxation

which occurs for the short loading times ac~hieved in these tests.

(35w
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k.5 Conclusions

Three main conclusions may be stated with the result of the
testa performed to #~.. upcn the fat clay.

{a) The general validity of the following principle ha: been re-
affirmed: as the total strain which 1s experienced by a material
decreages, the fraction of this total strain which is creep under

constant load increases.

(b) The structure of clay plays & significant role in determining
both the total compression of the clay under lomd and also the
fraction of the total compreasion which is creep strain.

(¢) Imp-rtant relaxation phenomens, not apparent for slower load
rise-times, sppesr when & loading time on the order of 30 milliseconds
is used.




Chapter 5
ONE-DIMENSIONAL COMPRESSION TESTS MEASURING
PORE PRESSURES

5.1 Objactives and scope of the test p:ogram

The fact that a rat cley witl undergo considerstle compression
creep at conytant load intensity has heen documentved in a previous report,
MIT(1959b), egd in the previous chapter. The question naturally ariscs as
to the cause of such behavior.

It must be re-eaphesized that this creep is reco;ded during un-

drained compression, and hence is not the result of the pydrodynamic time-
lag esaociated with the expulsion of water from a soil. The compression
must result from = decrease in the volume of air withiu the soil, presumably
from the combined effects of compression of the air end of the air goiqg
into solution in the pore water. For problems in which time is not a factor,
thcre exists & straightforward theory for predicting the undrained compression
ol a partly satura*:d clay. The emounts of air volume lost tbrough com-

sgion and through solution are both related in a definite way to the change

he pressure in the pore pharcz of th -oi1l. Any increase in external jee-
sure upon the sci’ is dietiributed between itn> mineral skeleton and pore phase
in relnation to the ccmpressibilicies of these two phases.

There are twc obvi-.s placcs at which time-dependence might enter
into this zimple thecry. The compressibdility of the mineral skeleton may be
time-dependent, thus effecting the distribution of external pressure between
the two phases. That i: to sey, there mey be some form of struchural vis-
cogity. The process by which air is dissolved may also be time-dependent, even
though pressure in the pore phase is constant. Researchers, in studying the
tehr dor of soil, are always on the look-out for any evidence of structural
viscosity, for such evidence woulid have considerabie implicstions to pioblems
such as shear strength behavior. lence it is of preat interest to attempt to

pin down the cause of the observed compression creep.

ST
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The starting point for all research into soll behavior is the
measurement of the pore water pressure so that the behavior of the mineral

skeleton and pore phases may be separated. The work reported in this

chapter is & preliminary effort to measure pore pressures during one-di-

mensional compression tests. Measurement of pore pressures in unsaturated

i soils with very zlow rates of _:nding is difficult enough, and the problems
encountered have been the subject for many papers appearing in the literature
of So0il Mechanics during the last five years. The problems multiply rapidly
when rapid load changes are introduced. lence the efforts reported herein
represent only e first start toward development of satisfactory techniques.
One of the basic problems is the time-lag in the response of all pore pres-
sure measuring systems. For ordinary systems used with a fat clay, this lag
frequently amounts to several minutes. The theory of these time-lags, and

© the development of new equipment and techniques for reducing the {ime-lag,

will be the subject of a companion report soon to be issued.

The experimental work reported herein has been divided into two
phases. Series F involved 3 tests of & conventionsl nature: the external
load was applied over ar interval of several seconds, and strain and pore
pressure variations were observed for the next hour. Seriles G involved 3
tests in which the external load was applied in about %0 milliseconds. All
;estd involved the fat, backswamp ciay from Barrel 3%, ang static compaction
at 200 lb/in2 wnrg used to prepare all semples.

5.2 Static tests

P S5.2.1 Apparatus ard testing procedures

These tests were carried out in the special oedometer shown
in Figure 5.1. The top of the sampie wa3s sealed with a rubber membrane. A
K metal block rested atop the membrane,; and served to transmit loads applied with
; a stunderd consvlidation loading frame. The applied loads were measured by a
platform scale wnich was part of the loading frame. Strains in th- sample were
recorded with an Ames dinl.

¥ -
See MIT (1959%H}
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A Penran device obtainable fraz Testlad Corp., New York City,
vas used to measure the pore preassures. This device 1s dbased upon the
conventional technique of observing any tendency for weter o be expelled
from or sucked into the soll. and compensatirg {ur this tendency by change
ing the backpressure; this operation is accomplished sutomaticelly in the
Penman apparatus. The measuring epparstus was connected to the interior
of the 'soil aample through a copper tube and &n ordinary porous stone.

Semples were compacted directly into the cedometer by static
campaction. Prior to placing the 80il, the porous stone vas boiled in de-
sired water and the copper tube was carefully filled with de-aired water.
Daring compaction of the 8011, the end of the copper tube which eventually
connects to the Penmen device weg ler’t open and submerged in a pan of de-
aired water, All saples were compacted well ves of optimum so 8s to mini.
xize the tendency to Pick up water gt this stage. After a soil sample is
compacted, it will have e tendency to suck water from the porous stone, and
vapor bubbles may form in the porous sione unless the copper tube is open to
& supply of water. If such butbles form, they will cause serious time-lags
in the pore pressure meeswing system at a later stage of the test.

Following compacticn, the top of the sample was sealed, the valve
in the copper tube was closed, and an initial load vas applied. Now the copper
tube wes connected to the Penman device. The initial load vas applied for
about two hours. Pressures of 50 to 104 lb/in?' vere then applied in a single
increment. Tn ome test » the additional load was later reieased to permit
study of phenomena during unloading. A reading of the initial pore pregsure
vas made just before applying the load increments.

5.2.2 Test results

The #ignifican* data regaxding each tost have been tabulated
in Table 5.1, and curves of pore pressure gad strain as a function of ti..
appear in Figure 5.2. Note that the pcre pressure prior to application of the
presgure increment way Positive (n esch case. This residual pore pregsure was

<




Table 5.1
BUMMARY OF STATIC TESTS

Test No. F-1 P-2 P-3
R . ) Water content 39.4 28.6 33.0
o v(percent)
Dry density 76.7 91.5 87.1
(1v/£43)
Degree of Saturation 90.0 91.7 96.0
S(percent)
Initial loading 31.0 100.0 50.0
P1(1b/in?)
Loading Increment 10%.0 52.0 50.0
4 p(1b/1n2)
Change in pore pressure 64.0 38,5 46.5
, Au(lv/in2)
Pore pressure ratio 61.5 74.0 93.0
Au/Ap (percent)
Total time during test 5.0 90.0 25 - (60)
- t (min.)
Total settlement at end 0.033 0.010 0.005
of test - § (in.)
Time req'd to reach pore 10 5 2
Pressure eguilibrium
At (min.)
% of Au at enl of 1 min. L8.4 86.0 98.0

after Ap is app)ied

(1o
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caused by the 1initial pressure. Ncte that the molding water content of
sample F-1 was ~evy great, and this fact accounts for the somewhat unusual
behavior of this sample.

V-

e P D o e Siteercon in the present tests with

results reported in MTP f165Gb.  During the time range from 1 to 10 mirutes,

the results appear tc be very similaw., iowever; the curves obtained from

the present work curve jownward eariier and tc & greater extent, especially
the curve from test F-.. It seems quite possible that some of the compression
in these tests resulited from squeezing some ciey up around the edges of the
losding piate. JCertainly the membrane which covers the sample will not en-
tirely present such sjueezing action. This criticisam cf the test procedure
applied %o the results in the previcus repc.t as well as to th: present work.
in the previous report, it was noted that the slcpes of the lcng term com-
preasior. time curves agreed w:i. with the siopes obtained in tests where the
uniform pressur: was applied directliy t¢ the membrane rather than through &
lcading bliock. Hence, 1t appears thit the sjueezing-out scticn does nct af-
fect the portioa of the strain vs. log time curve from o ¢ 10 minutes, but
that this ac*ior deces influence the path ¢f “hese ~urves for Lcnger times.

If this hypc+h23is 1s vali?, *hen the cr2ep behaslor reccrdel in the present
tests between i anl LU minutes 1s ccnsistes~ w1vh the pat*erns and principles

which were discuszed previcusiy.

Fey a4 group ¢f sazz. 25 Jith sip:.ar structurss 1n the mineral skele-
ton, *the fractinn I the erterra.l prossurs® IncTéaent ALPEATINgG 4§ pore pressure
sLeuid increase witn inlr-asing aegree . f saturaTizn.  The present resuits be-
nave 1rn just *his way, d: amy bs Seen trod Table 5 1 Frcoa 2 te 10 minutes were
reguired -1 *tnr ol vl Lo o 1%E rinds wevey, the rejuirex tame in-
Creasing as “us Lopr o saturatyon Toorexsidl At tho prezert stage of research,
it 1s unwise SEesabeate oLl T F1oo pellnilor to any falttcer cther than a

time~1ag in the pCre rreccure Mmeasuring system us:1 for rthese particuiar tests,

O partlcu.as interest 19 the face rthar, cace having reactel a maxi-

mum vauue, *he pore jrecswrc doo-ach 13t remained guite ccoustart while the sample
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coatinued to compress. Assuming that the compression represents decrease
in air lume rather than a squeezing-out action, this result is a very im-
portant one from the standpoint of interpreting the cause of the air volume
decrease, Discussion of this result will be delayed until the results of
the secand test series have been examined.

5.3 Dynswic tests

5.3.1 Apparatus and testing procedures

With the exception of provisions for the measurement of
pore pressure, the apparatus and instrumentation were identical with that
described in Chapter 4. The modification wnich permitted pore pressure
measurements are shown in Figure 5.4, A depression 1 inch in diameter and
1/8 inch deep was cut in the bottom of the ocedameter. Grooves were cut in
the dottom of this depression, and served to channel water to a 1/8 inch dia-

meter hole passing through the cvedometer wall to &n electrical pressure trans-
ducer.

A Dynisco pressure gage, wanufactured by the Dynamic Instrument
Company of Cambridge, Massachugsetts, was used in these tests. The gage con-
sists essentially of a diaphragm with unbonded strain gage wires. The gage

was driven by a 6 volt dry cell, and the calibration curve has been given
previously ia Figure 4.5,

A porous stone was cemented into the depression using an Epoxy resin,
the top surface of the stone being flush with the bottom of the cedometer. Two
types of porous stones were used: & cersmic stone for tests G-1 and G-2, and a
regular stone for test G-3. Use of a ceramic stone overcames several problems
inherent in the measurement of pore pressures with partially saturated soils.
Such stones have very fine pore spaces, and hence resist any tendency for water
to be sucked from the stone into the soil. Since such stones exclude air bubbles
entering from the soil, they make it possible %o measure pore water pressures
Yess than atmospheric pressure in partially saturated soils. The main drawback

75
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of such stones is their very low permeability. The permeability of the
7

stons used for this work was measured at 1. ' cm/sec.

Great care was teken to de-air the porous stone and the pass-
ages beneath the porous stone, This wvas done by drawing wuier through the
system repeatedly, and then inserting tbe pressure gage witb the whole as-
sembiy sutmersed in water. The output of the pressure gage was recorded
upon an X-Y recorder vhose response time wvas 1 second. f1he response {ime
of the measuring system was checked by filling the ocedometer with wvater
and applying a pressure increment with a rise time of 30 milliseconds. n
such calibration tests, any time-lag 13 the result of the resiatance to flow
of the porous -tone, the compressibility of any air still trapped in the
measuring system, and the flexibility of the pressure gage. The results
of the calibration tests are given in Figi.es 5.5 and 5.6. The results ob-
tained for the ceramic stone, particularly the fact that the time-lsg varies
with the pressure level, suggests that some air waes stiil trapped within the
atone, The respconse time with the regular stone was limited by that of the
X-Y recorder, and would have been much faster had an oscilloscope been used
to record the cutput of the gage.

Strein in the sample was sensed with the cantilever gage discussed
in Chapter 4 and recorded on an oscilloscope. No measurement vas made of the
arplied pressure. It is believed that loading times similar to those pre-
sented in Chapter U4 can be achieved consistently.

The samples vere compscted directly into the ocedometer, using the
molding water contents indicated in Table 5.2. Pore pressure changes were
recorded continuously throughouv (.- yrocess of puttinug the clay into the
mold, applying and removing the compaction pressure. Jurves of ,ore pressure
vs, time during tie ~ompaction process are shown in Figure 5.7 Jerc time
for these curves iz the momert at vhich compaction pressure wvas first ap-
plied. TIn test G-.1, a slight negative pore pressure existed before the com-
paction pressure was applied, in Lest G-2 thers was zero (gage) pore pr-gsure
at this time. With both of these samples, a negative pore pressure existed

after removal of the campaction nressure

-
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Table 5.2
SUMMARY OF DYNAMIC TESTS

Test No.~===--=-ee-ccecmrmcanamanncascomercnncnaa G-1 G-2 0-3
Dry density - ¥ 4(1b/ft7)mmmmmmrrrmmmmnmnsanneenas 102.8 95.7 104.5
Uster content - w (percent)es=--s-ca---- em——mm— 22.7 27.8 20.0
Degree of Saturation - 8 (percent)e=---u-ecoss ~.e=96.1 99.1 38.5
Initisl pressure - p, (lb/ing)--'- --------------- --10 10 20
Time of p, epplied-t, (min.)------- --------------- 25 30 Lo
Pressure increment Ap(in/in R e -=35 55 Lo
Pressure rise time - t_ (milliseconds)~==-=w====e~30 ~ 30 ~30
Imnediate deformation :AH} (7 /200 inch)==r===e- <2.0 k.5 -
Deformation at l-min. -AH, (1/1000 inch)===<-- - -- 10.1 -
Amount of creep - (AH - Aii.. )(1/1000 inch)e=am=e  «- 5.6 -
Creep ratio - (AH -AHSO) (percent) --------------- 55.5 --
Hf

Compaction intensity - p, (m/in Jorommm e 200 200 200
Pore pressure equilibrated u, (1v, A€ )

after compaction-----===Seecccmcamcncnn wmaer=(+145) (+97) ~0
Fore pressure equilibrated uy (lb/ine)

e R (-15) (+ &) ~ (-2)
Pcre pressure equilibrized u (lb/in )

under fyp -v-memcmmamae- L (+1k4) ~{+1k) -
Equilibrized time for u, -t T 15 10 -~
Equilibrized time for u, under /p - t,. (min.)--v---- 3 -

Type of pore stone used=---=--- emeese e — -

Regular
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Once the pure pressure reached an equilibrium value following
removal of the compaction pressure, the sample vas trimmed, sealed, and
Placed in the loading apparatus. The initial load was then applied and
held for %0 to 4 minutes before the dynamic pressure increment was triggered.

5.3.2 Test results

The pore pressures measured during application of the
dynamic loed increment :-e given in Figure 5.8, and strain as a function of
tine has been plctted in Pigure 5.9. No data were obtained from test 0-3,
owing to failure of the recording system. The data regarding creep have
already been included in the discussion in Chapter L, and no further com-
ment will be made.

The rise-time for the pore pressure curves was extremely long.
Some fraction of this delay was the result of the time-lag introduced by
the permeability of the ceramic stone. The permeability of the goil =on-
tributed further to the time delay. The delays amounted to from 3 to greater
then 30 minutes, and were f the same order as the lags encountered in the
series F tests. Again, it would be unwarranted at this stage to assume that
the lags arose from a source other than experimental error.

5.4 Discussion of pore pressure data

The results of the Lore pressure measureme.ts a1 be sumnaried
by the folloving statements: (1) there is & long time dalay before the pure
pressure increases to its final lavel, but at this stage cne cannot be sure
that this delay is not the result of experimental error; and (2) there 1is
evidence of compression creep at constant effertive stress , although some
of this creep may be shear flow rather than sitp.y compression. In short,
mucn research still remains to be done,

The first statement emphasizes the nezd for careful experimental

and theoretical work to provide a vasis for separating observed time delays into:
-!32-
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(1) that part which represents & property of the soil, and (2) that pert
wiich repressntr experimental error.

Possible implications of the second statement can be examined
vith the aid of & possibls rheclogical model for the campression resistacce
of soil as shown in Pigure 5.10. If both the effective stress and pore
pressure are constant; o that the forces in srings A and D are constant,
then continusd strain can occur orly if either: (1) dashpots C and P re-
lax at exactly the same rate, or (2) spring I is very compressidie as com-
pred to spring A, or vice versa. The first condition implies that BOTH
structural viscosity and time-d¢pendence of eir solution in wate. must de
precent. The second condition simply means that the pore phase is so com-
pressidle that the aineral structure cas continue to compress without chang-
ing the pore pressure, or vice versa. in alternate version of the second
condition wvould be: there actually are small pore presswe changes, but
they are within experimental error.

It seems likely that the second condition can be excluded. The
ratio ¢f change in pore pressure to change in volume will, if anything, in-
crease vith contirued compression. Using test F-2 as an exsmple, & pore
pressgure change of 38.5 l‘o/in? developed during the first five minutes vhile
the soil compressed 0.006 inches. During the next 10 minutes, the soil com-
pressed another 0.0C1 inch witnout measursble pore pressure chan, :. If the
data for the first five minutes are correct, the pressure szhould have in-
creased 6 ].b/in2 during the next 10 minutes, a change which definitely could
have been measured.

Thus a very tentative conclusion right be stated: <there axists dboth
& structural viscosity and a time-dependence for the aolution of air in water,
and in the serien P tests thesa two effecte wore balanced. In many ways this con-
clusion seams very unlikely and more study 13 certainiy necessary. The possibi-
lity that the cuspression results from shear flov must be definitely excluded.
Results reported by BISHOP ET AL (1960) suggest still another acurce of error:
that air may be escaping through the memdbrane which covers the top of tne samyle.

354
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Chapter 6
SONIC WAVE PROPAGATION IN SOILS

6.1 Objectives of scnic wave propugstion study

Interest in laboratory sonic wave propagation studies stems from
tvo dirsctions. In the first place, it is desirable to establish correlations
between sonic velocity and such soil properties as compressidbility wnd shear
strength. Such correlations - if indeed they exist - would be of great
practical value because the relative ease with vhich sonic velocity can be
measured in the field compared to direct measurement of these s0il properties
in tests upon undisturbed samples. In the present effort to design hardened
niesile bases, great reliance has been placed upon seismic velocity as a
measure of the compression resistance of soil deposits. In the second place,
there is evidence wvhich suggests that laboratory sonic velocity measurements
are & valuable tool for studying the mechanism of stress transfer between
soil particles. Some of this evidence will be discussed in the subsequent
text.

The obJective of efforts during the past yesr has been to establish
the feasibility of making such measurements in the laborstory upon soft, clightly
congsolidated soils. This objective has been pursued through study of the litera-
ture and through preliminary development of suitable apparatus and technigues,
Section 6.2 reviews, in very brief form, some theoretical work by other resear.hers
concerning wave propagation in soil-like media. Section 6.3 contains a summary
of the various experimental techniques which have Leen used successfully to measure
sonic velocities in the laboratory. Section 6.4 discusses some of “he experi-
meatal results which appear in the literature, Section 6.5 reports upon some
velocity measurements in deep sea samples of a clay. Section 6.6 presents the
progress to date in the development of a laboratory system for use in the cure’
rent research effort.
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6.2 Theories for wave propagstion in porous media

When the problem of wave propagation in porous media is viewed
as & vheole, it is an extremaly complex problem., To mention just a few
aspects of the problem, one must consider: (1) propegation through the
pore phase, including the dispersion of energy through & complex pattemrn
of reflections from the many, many pore-mineral interfaces; (2; transmission
of energy within any one mineral particle; (3) propegation of energy from
one mineral particle to sdjacent mineral pax-.icles, vhich requires con-
sideration of the mechanimm of stress transfer between particles; and
(4) attenumtion of energy due to relative motions between viscous pore
fluid and mineral perticles. In regard to the third item, it may Ve
noted that the mechsnism cf stress transfer betwean particles has, for
scme time, been cne of the most controversial subjects in the field of
80i) mechanics. Depending upon vhat expert is speaking and what sort of soil
he has in mind, this stress transfer may take place by mineral-to mineral
contact or the minersl may bs separated by thin films of adsorbed water with
unusual properties, and the stress transfer may give rise, at the points of
contact, to elastic deformations, crushing, or slip between particles.

It is not swprising that past theoretical work has been charscterized
by grossly simplifying assumptions, thus permittiag separate attacks upon the
many aspects of the problam. The following sub-sections present extremely dbrief
reviews of past work categorized by the nature of the simplifying assumptions.
LAUGHTON (1957) contains a more %horough review, as does SYKES (1960).

6.2.1 Dilute suspensions of solids in water

The key assumption here is that there is no strees transfer
between adjacent mineral particles. URICK {1947) assumed that dilute sus-
pensions of sediment in water will possess the same sonic velocity as an ic:al
(monophase) materisl having the same gross density and compressibility as the
actual two-phes. -« emie?, Mineral particles ave both more dense and less come
pressidble than the water they replace. Since sonic velocity is inversely related
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to both density and compressibility, the velocity may be expected to vary in

8 caplex wvay as the percentage of solid matarisl in suspension increases.

Using typical values, Urick showed that, with increasing content of mineral
particles, the sonic velocity should first decrease below that of wvater (overall
density incresses more rapidly than overall campressibility decreases) and

then increase towards the velocity for the mineral matter (decrease in overall
compressibility finally prevails). This prediction that sediments mey have a
sonic veiocity slightly less than that for wvater {up to 5%) has been confirmed
by experimental work.

This simple theory can apply only as long as the wave length is
large compered to the siZe of the mineral ptrticles. When this assumption 1is
violated, tken the reflections from the water-minaral interfaces become im-
portant. These refiections scatter (a form of dispersion) the energy, and thus
effect the apparent wave velocity of the sediment. Attention must also be
given to the energy ioss (another form of dispersion) as the mineral particles
are bounced back and forth +through a fluid with some visc us resistance, AMENT
(1953) describes theoretical work simed at both of these problems. Both the
reflection and relative motion effects depend upon the wave length (and hence
frequency) of the wave, and there is much interest in determining the critical
frequency below which dispersion wili not be important. There is still much
controversy as to ‘he importance of dispersion in seismic field work.

6.2.2 Dry, granuiar systems

Workers such as MORSE (1952) have studied wave propagation
through various packings of uniform spheres. The relationship between the force
upon & ball and its deflecticr s% points of loading can be calculated from
elasvic theory, with suiteble attention to the fact that the stresses are
very large at the conts:t points. From such studiesc, it has been predicted that
the overall compressibility of a granular mass should vary as the 1/6 power of
the coafining pressure, and hencz thet the sonic velocity should vary as the 1/3
power of the confining pressure.
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6.2.3 Porous solids

BIOT [1956) proposed a different model for taking into ac-
count the energy losses due to relative motion detween water and mineral. This
theory considers a porous, compressible solid caturated by a viscous, compressi-
ble liquid. Thus the mineral skeleton is treated as g ccherent framework be-
having in an elastic and linear fashion. As the framework and “luid are atressed,
fluid will flow from pore space to pore space with attendant energy losses.
The amount of dispersion is again dependent upon the frequency of the sonic
wave.

6.2.4 Genersl systers

LAUGHTOL (1957) has attempted to generslize many of these
ideas to treat the general case of mineral particles in contect in a fluid
of finite compressibility. His work is mainly restricted to the protlem
of wave velocity, and is particularly concerned with the effect of ambient
pressure upon the compressidility of the two phases and hence upon the overall
compressibility.

6.3 Review of experimental procedures

Three general techniques for measuring the sonic velocity of porous
media in the laboratory have been described in the literature and are sum-
marized in the following sub-gections. The basis for a&ll methods is some means
of converting electrical energy into mechanical energy at one end of & sample
of sc1l, and reconverting the mechanical energy which passes through the sample
back into electrical energy. Plezo-electric crystales, made of materials as
quartz, barium titanate, Rochelle salt, etc., are commonly used for this pur-
pose,

6.3.1 Pulse technique

This technique involves a direct measurement of the time delay
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between the instant at which the incoming electrical signal arrives at the
input crystal, thus generating a mechariical disturbence, and the instant
at vhich an electrical signal is generated in the output crystal as the
result of the mechanical disturbance which has pessed through the sample.
Time-delay measurement re accsuplished by dispiaying the output clectri-
cal signal upon an osci ioscope. A single, transient occurence would be
difficult to observe and ..~aswe in this fashion, and herce the input pulse
is repeated at intervals in such a way as to provide a steady picture on
the oscilloscope, but also at a slow enough rete that the mechanicel waves

from any one electrical pulse have damped out before the next r-ilse is applied.
Pulse rates up to several thousand per second can be used.

There are, of course, many experimental difficulties involved in
applying this simple idea. The incoming electrical pulse, which generally
hus & square or spiked vave form, nust have component frequencies which cor-
respond to the resonant frequency of excitation of the crystal. A very
precise means for determining the travel time must be provided, and it is
necessary to make corrections to compensate for the fact that the mechanical
disturbances originate (.1d terminate at a poorly determined point somewhere
within the input and output crystals rather than exactly at the faces of
these crystals which contact the soil. The time of travel is usually measured
either: (1) by having the incoming pulse trigger the sweep of the oscillo-
scope beam, and measuring the time of travel directly on the displayed wave
form; or (2) by transmitting two identical pulses, one through the soil sample
and the second through & material, such as wercury or water, for which the
sonic velocity is known. In the latter method, the two generated electrical
signale are displayed on a double-beam oscilloscope, &nd the length of the

travel path in the reference material is adjusted until the arrival time is

the seme for the two waves. The sonic velocity of the soil is then simply equal

to the ratio of the length of the soil sample to the length of the reference

sample times the velocity of sound in the reference material. Figures 6.1 and

6.2 show apparatus and circuits which have been used in applying this latter
approach.
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Detailed descriptions of the pulse technique are given by LAUGHTON
(1957), WYLLIR, GREGORY end GARDNER (1956), and HUGHES and JONES (1951). This

technique provides the most accurate measurement of velocity, but because

nf the complex weve forms following the initiasl arrivel is not setisfactory
for measurements of the magnitude of attenuation. The *- hnigue requires
complex elz2ctronic equipment.

6.3.2 Wave train technique

With this approach, which h&s been "' '..ed by BUSBY and
RICHARDSON (1957), & steady nstiern of waves is est ~.ished within the soil
sample through continuous excitation of the inp.. cioystal. The attenuation in
smplitude of the input signal is measured to eva.uate adsorption and energy
losses. Very little experimental data relatesi %o soll cystems has been obtained

Lo date.

6.3.3 Resonance technique

This techrique is a special case of tlat described in the
previous sub-section, in that the rate of repetition of the input signal is
ad justed until the soil sample is made to resonate. The point of resonance
can be determined with relative ease i the resonant frequency is suff! -iently
low, and the energy attenuation can also be eveluated. This approach has been
used frequently to determine the Young's modulus of soil, employing specimens
which are free to expand in a lateral direction. A recent application of this
tochnique is described by WILSON and DTIETRICH (1960). SHUMWAY (1956) descrides
a resonant chamber technigue for velocity end attenuation measurements, with
the s0il held in a soft-walled container. : wever, the resonance technique does
not appesr to te applicable to the direct measurement of the diletational wave
velocity because of the very high frequencies involved with feasible dimen-

sions for soil samples.
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6.4 Review of past experimental work

The following sub-sections present reviews of previous experi-
mental efforts wihich bear upon protlems of particular interest to this

research effort.

6.4.1 Density, water content, strength and velocity relaticnships

in compacted clay

MARTIN (1957), wcrking at M.I.T., used the soniscope, a
commercial device for the field testing of concrete by a pulsing technique,
to study the effects of molding water content, dry density, and strength on
the sonic velocity of compacted Vicksburg 1oess.* The results of this work
are sumuarized in Figures 6.3 through 6.6.

Figure 6.3 shows compaction data for three different compactive
efforts. All soil samples were compacted in oiled cylindrical steel molds,
fitted with removable s)eeves. The molds hed diameters of 2 and 2 1/2 inches
and had lengths equal to the length of the sample. The figures show test
data obtained on samples with a three inch length. The compacting hemmer vas
two inches in diameter and weighed five lbs. Operation was manual with an 11
inch drop in the compaction of the first leyer, ten inch and nine inch drops

in the compaction of the middle and upper layers of the three inch semple.

F'gure 6.4 shows the relation between sonic velccity and dry density
as a function of water content. Figure 6.5 cshows the shear strength from un-
confined compression tests (one-half maximum deviator stress) and velocity as a
function of the molding water content. Figure 6.6 shows the relationship be-
tween sonic velocity and shear strength. The data show & relatively well de-

fined relationship between velocity and density for any given water content.

*

This material is essentially the same as that described in M.I.T. (1959bj.
Such material generally classif'ies &s & silty clay, with 8 liquid limit of
about 35 and a plastic limit about 23.
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The data in Figure 6.5 shov a decided dxop in velocity as the
molding vater content is increased above optimm, and since it is possible
to have the same dry density for water comteats wet and dry of the optimum
wvater content, factors other than density must play an important role. The
effect of saturation has been studied by WYLLIE, GREGORY and GARDNER (1356),
and the resulto of tests on several materials are showvn in Figure 6.7, in
vhich velocity is plotted as a function of water acd air saturation. 1Tne
Britton sandstone, vith a porosity of 29.9 percent, most nearly resembles
the compacted loess (which has a porosity of 34 percent at & dry density
of 111 1bn/ft5). It can be seer that, as the degree of saturation increases
above 80 percent, velocity increase occurs. If this effect of incressing
saturation is valid, then for twvo samples of cxmpected snil at the seme
dry density, one sample compacted dry and the other compacted wet, one would
expect the wet sample to have the higher velocity. However, the opposite
wvas true for the compacted loess. It appesars, then, that the reduction ip
velocity with increasing molding water content is a manifestation of a
marked structural difference. Bdge to fece flocculation, which is thought
to occur dry of optimum, undoubtedly results in better acoustic coupling
between particles and thus a higher velocity. Wet of optimum, the structure
is undoubtedly of a more oriented or dispersed nature, resulting in consider-
ably less contact between individual particles.

6.4.2 Stress-strain-velocity relationships

WYLLIE, GREGORY and GARDNER (1958) measured axisl and
lateral strvain as a function of stress on & ~ylindrical sample of Berea sand-
stone and computed Poisson's ratio: Figure 6.8. Using the expression for
dilitational velocity in an infinite solid;

0 1%
p * [ ngli%(‘tl-ea‘,]

Where : vp = wave veicelty

E = modulus of eiasticity
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FIGURE 6.9
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§ = density
g = acceleration of gravity
= Poisson's ratio

velor~‘ties were computed and are compared with measured velocities In Figure

6.9. In general, the computed velocity is less than the meagured velocity.

Since the sample had & length to dismeter ra*ic of 2.5, one might argue that

a more¢ appropriate expression to use in computing velocities would he that
14 for & long rod;

V* 4%) %‘ (6‘2)

However, use of equation (6.2) would result in even smaller computed veloci-
ties. Unfortunately, there is no indication in the paper as to how the modulus
was detcrmined from the stress-strain curve, i.e., whether it is a secant or
tangent moduius. The computetions suggest that the secant modulus may have

been used. In studies of wave propagation, it would seem to be more appropriate
to use the slope of the tangent to the stress-strain curve at the appror ~iate
stress level, oince the wave front induces only & very small increient of stress
above the existing axial stress. The use of the tangent modulus would tend to
increase the computed value of velocity and bring the values in Figure 6.8 more
in line with the measured vsalues. In aldi%ion, there is little Jjustification,
at the present time, for sssuming that the stress-strain reletionship for a
porous raterial under essentially static loading condition: i3 the same 88 the
stress-strain relationship for a transient stress incrcase of the type developel
as the wave propagates through the sample. For a transient case, the modulus
chould be higher bccavse there likely is insufficient time ror a chang: in thre
structural arrangement of the individual particles. Under static loading con-
ditions, the soil has an opportunity to undergo any changes in structural

arrangement, and creep and secondary compression may occur,

LAUGHTON (1957), by test'ng samplee in the consolidation unit shown
in Figure 6.1, wus able tc obtain data relating velocity, pressure and void retlio
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at pressurex as high as 1100 tons/ftz. His results have been reproduced
in Figures 6.10 and 6.11. The soil was an ocean bottom sediment, having &
liquid limit of 61 and & plastic limit of 23. The velocity date were generally
obtained at the end of a load increment after the sample had reached equilibrium
under +the given pressure. However, in each of the figures there is an insert
showing the variation in velocity as a function of both applied pressure and
average void ratio during a given increment of loading. The data in the in-
sert for Figure 6.11, vhere the void ratio is the average value over the
thickness of the sample, indicates that there was no appreciable change in
velocity until the sample was epproximately 4O to 50 percent consolidated; a
very rapid change in velocity then occurred during the finel ;teges of consoli-
dation under the given ircrement pressure. This indicates that average con=-
ditions may not be sufficient to represent interrelationships between - . ity
and void ratio. It further indicates that values of velocities ere likely
to be strongly affected by slight differences throughout a given semple. The
43 in both Figures 6.10 and 6.11 show that velocity is not uniquely related to
either void ratio or pressure. During the unlcading period there is a very
rapid change in velocitv without any corresponding increase in void ratio. It
is possible that the difference between the velocity and void ratio relations
ship during initial compression and the relationship during rebound represent,
again, a basic difference in the structure of the material during initial com-
pression and during rebound. That the variations cannot te attributed to a
change in velocity in the water as a function of pressure in the water is
shown in Figure 6.12, in which Laughton has presented data on the variation in
veloelty of water under hydrostatic pressure. The gsolid curves in Figure 6.12

show the variation of velocity for the samples that were initially consolidated
to the pressure shown. Laughton was able to control the pore water pressure, and,
after consolidation an increase in total pressure and pore pressure was applied

to the sample without allowing drainage to take place, and the velocity was
measured.

In order to obtain some indication of the validity of app ying to

soil systems the conventional equations which have been developed for solids, i.e.,
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VPeX % (6.3)

Laughton's date h&s been replotted in Figure 6.13 where various functions of
coefficient solume comoressibility mV end velocity have beer: plotted. Although
there are relationships between l/mv (comparable to E) and the square of velocity,
the relationships are not linear. This tends to indicate that the use of the
above expression will be somewhst limited in direct application to soils systems

over 8 wide pressure range.

Laughton in his paper also mentions that shear velocity m2aswiements
were attempted and that no shear wave wes detected until the pressure on ihe sample
was equal to 500 kg/cmz. If these results are indeed correct, they lead to ex-
tremely significant conclucions regarding the nature of stress transmission btetween
soil particles. However, these results should be treated with some caution unt:l
there is further confirmation. With the crystals mounted on the back of the load-
ing platens, it is possible that very poor acoustic coupling was developed between
the loading platen and soil, resulting in insufficient shear wave energy being
transmitted into and through the soil sample. In additicn, it is possible that
some of the shear deflection was taken out by the consolidation device itself; i.e.,
there is no guarantee that the platen is not isolated from the surrounding consoli-

datior rings.

After the sample had been consolidated to high pressure, measurements
of the velccities in the horizontal and vertical directions were made and in certaiu
instances the velocity in the horizontal direction wes 30 percent higher than the
velocity in the vert.-al direction. This also suggest the possibility of structural

aligament which tends to give orientation in a preferred direction.

WARD, SEMUELS, end BUTLER (1959) in connection with studies on London
clay, measured wave velocities of these materials, presumably with a soniscope.
Figure 6.14 chows the correlation hatween Young's modulus and strength. Figure
6.15 shows a similar rorrelation of (l/mv) with Young's modulus and shear strength.
For this soil, a gross comarison indicates a reascnable relation tetween

l/mv and squars of velocity altnough there is ccnsiderable scatter.
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The data which heve been reviewed suggest the following con-
cepts. The compressicn which tskes place as a wave propagates is essenti-
ally elsstic without slip between grains, whereas, under static lceding,
secondary erfects due to the relative motion of the particles can occur with
& resulting change in structure. It is probable that, vhere static compression
is of the same nature as that cccurring during wave propagation, it may be
possitle to get & reasonable correlation on the basis of the expression de-
veloped for solid muterimis, i.e., equation (6.3). The data presented in
Figure .16 are of specisl interest in this connection. They show, that
for the materiel tested, there is very rapid increase in the velocity of

the meterisl at pressures above 3,000 lb/ine, &nd one would expect, on the

basis of equation (6.3), & marked decrease in compressibility. Howsver, the
change in character of the material at high pressures previously has been
shown by ROBERTS and DE SOUZA (1958) to be the result of ar actusl rupture and
fracture of individual grains begins to take place, the compressibility of

the material increases markedly.

6.5 Acoustic probe measurements in marine cores

Laboratory measurements of the sonic velccity in deep sea cores
have been accomplished during the past year by a zeology student working in
the M.I.T. Soil Me:hani-s Laboratory: SYKES (196C). The work included a
study of the relation between velocity and the stancard identification proper-
ties of the ~lay. Sykes was supported by the research ont.act tc the extent
of providing hin with space and with standard soil t=sting equipment and pro-
viding general guidance as to 3511 behavior and possible resemrch applications
of his techniques. Syke's theuis was submitted to the Lepartment of Geolugy

and Geopnysics. Tie following is a summary of his thesis work.

Velority reacurements vere made by tne pulse technique, using the
arousti- proves shown in Firure ¢.17. Two such probes. with the radiating

areas appr ximatesy 1.4 inches apart, vere mounted on a prave hoider, as shown
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in the photograph. Samples tubes were cut longitudirslly and one-half of

the tube removed so as to expose the core. The two probes were then pushed
into the core so as to measure the velocity along the axis of the core. In
this way, several hundred velocity measurements were made along approximately
25 linear feet of cores.

The piezo-electric element (ceramic dizk) of the acoustic p:obe

resonated at 560 kilocycles. The ceramic disk was driven by an exponentially
decaying sinusoid with this frequency. An L-R-C circuit driven by the

Pdgerton "Pinger" was used to generate this pulse. The pulse repetition

rate was one per second. The initial portion of each pulse was used to trig-
ger the oscillosccpe sweep, using a delay line to delay the time of trigger-
ing so that the wave front arrival could be centered in the oscilloscope screen.
The time of travel thus was the sum of the known triggering delay time and time
inteival measured on the screen. The correction for travel time through the
acoustic prove was found from calibration tests where the probe was inserted in
distilled vater.

The cores were rHtained in the Mediterranean See during the CHAIN
7 cruise in 1959. The soil was predominantly ciay, with lens and seams of
sand. All properties of the sc¢il, including velccity, water content, limits,
etc., varied in a very erratic pattern with depth. Typical properties are
given in Table 6.1. 1In general, the water content was &t or just above the
liquid limit.

The measured velocities correlated extremely well with the water
content of the clay, and all of the erratic variaticns in water content were re-
flected consistently by similar variations in the soni~ velocities. On the
average, the velocities were slightly greater than *those of sea water, aresult
which is in agreement with those obtained by previcus investigators. In many
instances where the water content exceeded the liguid limit, the measured
velocity vs. water content behavior thus confirmed the theory of URICK (1947),
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Table 6.1
PROPERTIES OF MEDITERRANRAN SEA CORES

Clay fraction ~+50 percent

Specific gravity 2.78 - 2.83

Water content 40 - 125 percent

Liquid limit Lo - 110 percent

Plastic 1limit 20 - 40 percent

Sonic velocity 1.47 - 1.63 kilometers/sec.




wvhich points out trat factors other than overall density must be considered
in esteblishing the sonic velocity in a sediment.

Velscity-depth profiles as determined with these probes correlated
reasonably well with sub-bottom reflections recorded with a high resclution
echo-sounder during the cruise. No velocity versus depth correlation was
observed in the core results. A consolidetion test showed that the water
content would very ty only a few percent st most &8s the effective stress on
the sediment sample is increased from zero to an effactive stress comparable
to that existing at & depth of 30 feet of sediwent. Therefore, it .s not
surprising that & velocity-depth correlation has nct been noticed, for litho-
logical cheages coused water content varistions which completely masked the
effect of increasing effective stress.

The whole research effort confirmed that acoustis protes can be
used to successfully measure velocitles in sediments, provided the grain size
of the sediment is not toc large (the upper 1imit corresponds approximetely
with that of coarse silt). The measurements are thought to have an accuracy
of 2%.

6.6 Deveiopment of laboratory sonic velocity device

Sykes in addition deveioped circuitry and procedurec for measur-
ing sonic wvelocity through semples in & consolidometer cell. The »bjective
of this effort was to establish the feasibility of the experirment snd to
establish equipment requirements. The technique is pattesned after that of
LAUGHTON (1957), but envisions experiments at much lower pressuras. A few
preliminary tests were made with the apparatus to prove that sufficient energy
2ould be pushed through the sample at these low pressures. Muich of the
electronic equipment mentioned in the following paragraphs was borrowed for
this preliminary wor< snd is not availalle to the research affort on e permanent

tasis,
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A Lucite consolidometer was modified by mounting ceramic disks
on the top and bottom porous stones. A section through the consolidometer
unit showing the lucite container, the stones, transduners, leeds and soil

sample is shown in Figure 6.18. With this piece of equipment, it will be

possible to consolidate samples one-dimensiorelly and to measuwsie the cor-
responding wave velocity at any time during or after comsolidation.

The ceramic disk transducers used in the preliminery investi-
getions were obtained from Gulton Industries, Inc., Metuchen, New Jersey.
The trade name of these barium titenite transducers is Glennite, and this
particular type of transducer has 8 high sc-called curie point, i.e., the
transducer does not suffer from temperature effects at the low temperatures
affecting ordinary barium titanite transducers. The transducers used in the
consolidetion unit have two wires silver-soidered to the %two flat surfaces, and
they have been covered with a special protective coatirg at the factory. These
transducers vibrate toth in the thickness direction and also in the radial
direction. The particula: crystels used (Model No. 2D5) had a thickness re-
sonant frequency of about 800 kiloecvles and a radial resonant freguency of
about 400 to 500 kllocycles  Since the crystal is giuel to the back of the
stone, both of these frequencies will be transmitted and received, and in
order to avoid confusion in intercreting results one must be filtered out.
An L-C Filter was usel t¢ by-pass the higher frejuency &and exclude the lower

frequency.

The upper transducer is used as a sending unit and is excited by
& pulse generated by & Hewlett-Packard 212A Pulse Generator. This particular
unit offers continuously veriable pulses with wadths varying from ¢.07 to 10
microseconds and a repetition rate which can be varied from 50 to 5,000 re-
petitions per second. The optirum puise width must be selected such that the
fundamental sinuscidali Trequency associated with the pulse is abtout the same
89 one of the netural fregquencics of the crystals. The rate of pulse repetition

must be sucihi as to retrigrer the scope so that a steady ploture appearc on tie

-
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oscilloscope. The pulse rate, however, must not be so hig. thed the crystals
are 8till vibreting before a second pulse triggers the transmitting crystal.
For most of the present studies, the pulse generatcr has been operated at full
voltage and with a repetition rete varying between 50 and 200 cycles per second.
It has proven hest to use & pulse width of the order of 0.5 microseconds.

The pulse received at the lower transducer is passed through a

filter which removes the 400 kilocycle component; the signsl is then smpli-
fied a hundred times and e second small filter is used to filter out the 60
cycle noise picked up. in the room. The signal is then put on the "Y" input of

& Hewlett~-Packard oscilloscope.

The oscilloscope has been triggered by a pulse from the pulse
generator. It is important as far as triggering is concerned to have a pulse
which rises very quickly. If a sinusoidal type of pulse is used, then the time
of triggering may vary somewhat if noise is vresent. If the pulse rises quickly
as in the form of a spike .~ square wave, then the time of triggering will not
vary much because of noise. 1. the travel time becomes too long, some type of
delay should be used in order that the pulse can be blown up and examined
critically as far as arrival time is concerned. Withnut a delay line, a swveep
time of the order of 5 microseconds per centimeter has been used. However, with
a proper delay line, the 1 microsecond scale could be used and time readings

probably could be made to one-tenth of a microsecond.

A photograph illustrating the received wave Torm which ‘s displayed
on the sscilloscope is shown in Figure 6.19. The upper picture is for a sweep
time of 5 microseconds per centimeter and the lower for a sweep time of 2
mizroseconds per centimeter. The experiment involved a %,/ inch sample of soil
from the marine cores, placed in the consolidction unit at a dry density of
L7 lbs/ft2 and & water content of 80 percent. The photograph shows some inrore

mation coming at zero time which appears to be primarily noise, possibly pick-up
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from one transducer to the other whieh is not traveling by an acoustic path
but mer~ly by e.ectrical radiation. This iritial ncise may cause somwe diffi-
culty if the received pulse comes in so quickly that the initial arrival be-
gins to overlap tie noise. However, this initial information appears to de-
cay Trom a meximum {0 approximately zero within about 10 microseconds. In the
photograph, the direct pulse is seon to arvive al approximately 10 microseconds
and roughly at }0 micrcseconds later a reflected pulse appears - this pulse
probably being refiected off the sides of the ccnsoiidation unit.

Tdeslly, the received wave should consist of & singie, w211 de-
fined pulse. The actual received wave form ie quite complex. E:cluding the
spuriocus signal which starts at zerc time and the reflected vortions of the
weve, the wave consists of perhaps 10 cycles of & 30C kflocycle signal. The
envelope to these 10 cycles first rises slowly and then decays graduslly. The
net result i3 that it is not easy tc “otermine the time of arrivael o. the wave
front ir an exact way. Unfortunately, it does not seem possible to improve upon
the nature of the wave form, for it ic the result of the mechaznical behaviar
of the transducer. When any system is excited at its rescnant frequency,.the
amplitude of respon.e builds up in proportion to the dursticn of excitation.
then the excitation is removed, the response will continue fo. & number of

cycles.

These problems, and those arising from the need to correct feor
travel times through the non-soil parts of the system, can be corrected by a
technique using: (1) & parallel mechanical circuit through a ceference material
such as water or mercury, {2) simmlteneous display of th: two signals upon &
dusl-beam oscilloscope, and (3) comperison ot the arr.val times of some well
defined portion of the 800 kilccycle wave fo.m, such as the arrival time of

the second peak, rather than an attempt to determine the exact start ot the

wave form.




6.7 Cunmervy anl conclusions

A study of past and present results has emphasized the great
potential value of laboratory sonic wave measurewents, especially as a method
for studying the fundamentals of stress transmission between mineral particles.
A very satis’actory start has been msde toward dsvelopment of equinment for
use in the prescnt research erfort.
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Chapter 7
SUMMARY OF CONCLUSIONS

7.1 Summary of conclusions

Since the research effort is still urderway, aRny conclusions
must of necessity be tentstive. With this in mind, the main conclusions

from the work reported herein may be summarized as follows:

‘a3, Nature of stress-strain relevion for particulate mass: A com-

plete description of the relationship between stress and strain in

an assemblage of particles must take into consideration the following
factors: (1) the particulate mass will behave in an extremely non-
linear fashion even though it does nct reach & maximum load-sustain-
ing capacity; {2) the stress-strain ratio is extremely sensitive to the
whole content of the stress system; (3) the mass dissipates erergy as
it strains; and (4) the stress-strain relaticn is time dependent. See
Chapter 2.

{v). Two-phase nature of soils: The fact that ccil consists of a

mineral skeleton (solid phase) and & pore phese (water, gas, or water
and gas) must be taken into consideration when analyzing the effect of

time upon stress-strain properties. Sece Chapter 2.

(¢). Xeed for data upon compression resistance: The dilitsticnal

modulus M is an important perameter in present protective construction
design work, and there is great need for data regarding the probable
moagnitude of thie modulus for in situ soils subject to waves of high

amplitude and relatively long durstion. See Chapter 2.

(d). BRole of laboratory tests: Tre most promising role of lacoratory
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tests is: basic research into the effects of time, stress level and other
factors upnn the deformaticn of soil systems. See Chapter 2.

{e). Static compaction procedure: In order tu obtein compacted samples of

backswamp clay wirlich heve uniform den:sity threughout each sample, static

compaction to 250 lb/in2 with maximum thickness to diarater ratio of 0.6

may be used. See Chapter 3.

(£). Megnitude of compression creep in compacted fat clay: When com-
pacted fat clay in one-dimensional ccapression is loaded with & rise-
time of 30 milliseconds, only 25 to SO percent of the strain occurs
during the loading interval. The amount o7 creep is especially large
during the first 100 milliseconds after load application and then de-
creases and becomes linear with the logaritbhm of time. The general
validity of the following principle has bteen reaffirmed: as the total
strain experienced by 8 material decreases; the fraction 3 this total

strain which is creep under constant load increases. However the effect

cf the structure of compascted cley must also be considered. See Chapter 4.

(g). Cause of compression creep in compacted fat clay: Pore pressures

were measured during compression crcep !n one-dimersional compression, but
the results wvere not entirely con:lusive hecause f poscible escape of air
from the 301l samples and because of tire-lags in the pore pressures measur-
ing systems. The tentative conciusion is thet there exists bcth a structursl
viscosity and a time dependence for the soiution of air in water. See

~-

Chapter 35,

(n). Measurement of sonic wave velocities in marine cores: Many measure-

ments using an acoustic probe have shown the dependence of wave veleocity
upon the structure of the soil and have confirmed theories concerning the

dilitational velocities of scft, saturated soils. See Chapter 6.
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(1). Feamsibility of laboratory sonic wave velocity measursments with soft

Baged upon the testes with tne acoustic probe and upon preliminary
See

soils:
tests within an oedometer, such measurements appear to be feasible.

Chapter 6.
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Appendix B
LIST OF SYMBOLS

a distance

bulk modulus

a distance

flexural modulus of & plete, diameter of soil semple
a distance, diameter of soil sample

Young's modulus

voild ratio

shear modulusg, specific gravity of soil particles
acceleration of gravity

thicikness of soll sample

om0 Mo 9 o o P

length of s0il sample
dilitational modulus
10

=

&

compection pressure

[P ]

initial presstie in onc-dimensional compression tests

hed
[ws

degree of saturation

initicl dmpecd yelority
duration of application of A
rise time for Ar

duratlon of application ~f p,

pore pressure at ~quilibrium after compaction

pore pressure at equilibriuw under Ap
pore pressure at caquilibrium under pi
dilitational wave velority

shear wave vel ority

compression wave velocity in long; rod
water content

final chan-e i thy okpecs 0 ono-dinensional compression camples
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change in thickness of one-dimeneional comprewsion saxpies

increment of pressure in one-dimensional compression tests
time required to reach pore pPressure equilibrium
change in pore pressure

strain in one-diuensional cozpression tests
dencity

dry density

Lame constant

mass density

final axial stress

initiel axial stress

Polsson's ratio




